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TUMOR-TARGETING PEPTIDES FOR THERAPEUTIC GENE DELIVERY

INTRODUCTION

It is well known that angiogenesis, the recruitment of new blood vessels, is an important rate-
limiting step in solid tumor growth. New anti-tumor therapies based on the premise that
inhibiting angiogenesis suppresses tumor growth are currently being tested in multiple clinical
trials (1, 2, 3). Angiogenesis is a multi-stage process that involves the release and activation of
angiogenic factors, endothelial cell migration and proliferation, and differentiation into newly
formed capillaries (4, 5). '

Angiogenic neovasculature expresses markers that are either expressed at much lower levels or
not at all in non-proliferating endothelial cells (6-8). The markers of angiogenic endothelium
include receptors for vascular growth factors, such as specific subtypes of VEGF and basic FGF
receptors (9-12), and the av integrins (13, 14). Identification of novel molecules characteristic of
angiogenic vasculature will improve our understanding of the plasticity of the endothelial
phenotype and suggest new therapeutic strategies. Thus far, identification and isolation of such
molecules has been slow, mainly because endothelial cells undergo dramatic phenotypical changes
when grown in culture (15, 16).

We have developed an in vivo system using peptides expressed on the surface of bacteriophage
to study organ- and tumor-specific vascular homing (17, 18, 19, 20). Random oligonucleotides
are individually fused to cDNAs encoding a phage surface protein, generating collections of phage
particles displaying unique peptides in as many as 10° permutations (21, 22); in the in vivo
procedure, phage capable of homing to certain organs or tumors following an intravenous
injection are recovered from such phage display peptide libraries. The ability of individual
peptides to target a tissue can also be analyzed by this method (17, 18). Furthermore, this
system provides an innovative way of identifying endothelial cell surface markers expressed in
vivo (17, 19, 20).

Unlike earlier antibody work in which tumor specific antigens were selected in vitro, our method
directly selects molecules capable of homing to tumor vasculature in vivo. Thus, in addition to
providing novel tools for selective vascular targeting of therapies, this new technology will
further our understanding of tumor endothelium specificity and define the role these markers play
in angiogenesis. One of the unique and highly attractive features of this method is that it detects
the availability of the target receptors in the tissue based not only on expression level, but also on
accessibility to a circulating probe.

With the knowledge that solid tumors cannot progress without the generation of new blood
vessels, the development of strategies to inhibit this process has been the focus of intense
research. There are a variety of approaches not involving gene therapy that are under evaluation
for their ability to suppress tumor neovascularization (4, 5, 23-27). They include treatments
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using recombinant proteins, monoclonal antibodies and small molecules such as TNP-470, a
potent angiogenesis inhibitor (28, 29). Current clinical trials with TNP-470 include patients with
cervical cancer, pediatric solid tumors, lymphomas, acute leukemias and AIDS-related Kaposi’s
sarcoma (3, 30). Preliminary results suggest that the use of therapies that destroy angiogenic
vasculature could be a viable approach to avoid drug resistance in cancer therapy (31-33). To
date, most tumor treatment strategies utilize systemic administration of the therapeutic agent.
Recently though, gene transfer of a cDNA coding for mouse angiostatin into murine fibrosarcoma
cells has been shown to suppress primary and metastatic tumor growth in vivo. Implantation of
stable clones expressing mouse angiostatin in mice dramatically inhibits primary tumor growth
and pulmonary micrometastases. The tumor cells in the dormant micrometastases exhibit a high
rate of apoptosis balanced by a high proliferation rate. These studies also provide support for a
novel approach for cancer treatment by antiangiogenic gene therapy with specific angiogenesis
inhibitors (34).

The antitumoral effects that follow the local delivery of angiostatin have been studied in xenograft
murine models. Angiostatin delivery was achieved by a defective adenovirus expressing a
secretable angiostatin K3 molecule from the cytomegalovirus promoter (AdK3). In in vitro
studies, AdK3 selectively inhibited endothelial cell proliferation; AdK3-infected endothelial cells
also showed a marked mitosis arrest. A single intratumoral injection of AdK3 into pre-
established rat C6 glioma or human MDA-MB-231 breast carcinoma grown in athymic mice was
followed by arrest of tumor growth, which was associated with angiogenesis inhibition. AdK3
therapy also induced a 10-fold increase in apoptotic tumor cells as compared with a control
adenovirus (35). Similar results were obtained using a related approach on an RT2 glioma model
(36). These data support the feasibility of targeted antiangiogenesis using adenovirus-mediated
gene transfer and indicate that gene therapy can potentially expand the horizons of tumor
antiangiogenesis therapy: First, because of the possibility of achieving high concentrations of the
therapeutic agent in a given area; Second, because the agent can be produced endogenously, and
for a sustained period (24, 37). ‘

In addition, gene therapy can also be designed to deliver the therapeutic gene upon systemic
administration. However, for those advantages to be fully explored, one major requirement needs
to be made feasible: the targeted delivery of genes to angiogenic vasculature.

In an effort to achieve vector targeting, a few groups have reported on gene therapy-based
adenovirus retargeting strategies that redirect the adenovirus to receptors endogenously present
on the cell surface of tumor cells (reviewed in ref. 37). By using a bifunctional conjugates
consisting of a blocking antiadenoviral knob Fab linked to basic fibroblast growth factor, gene
transduction of target cells in vitro was improved; recombinant adenoviruses encoding either the
firefly luciferase reporter gene, or the herpes simplex thymidine kinase gene, demonstrated
quantitative enhancement of expression. Moreover, tumor cell lines that were previously
refractory to native adenovirus transduction could be successfully transduced by the addition of
the conjugate (38). Other bispecific antibodies have been used successfully to target entry of an
adenovirus vector into endothelial cells expressing a receptor up-regulated during angiogenesis,
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such as the construction of Ad vectors which contain modifications to the Ad fiber coat protein
that redirect virus binding. Retargeting has been demonstrated using av integrin [AdZ.F(RGD)]
or heparan sulfate [AdZ.F(pK7)] cellular receptors. These vectors were constructed by a novel
method involving E4 rescue of an E4-deficient Ad with a transfer vector containing both the E4
region and the modified fiber gene. AdZ.F(RGD) increased gene delivery in vitro to endothelial
and smooth muscle cells expressing av integrins. Likewise, AdZ.F(pK7) increased transduction
5- to 500-fold in multiple cell types lacking high levels of Ad fiber receptor, including
macrophage, endothelial, smooth muscle, fibroblast, and T cells. In addition, AdZ.F(pK7)
significantly increased gene transfer in vivo to vascular smooth muscle cells of the porcine iliac
artery following balloon angioplasty. Although binding to the fiber receptor still occurs with
these vectors, they demonstrate the feasibility of tissue-specific receptor targeting in cells which
express low levels of Ad fiber receptor (39, 40). Heterologous ligands have also been
incorporated into the HI loop of the fiber knob, and preliminary results using artificial systems in
vitro suggested that this locale possesses properties consistent with its employment in
adenovirus retargeting strategies (41).

These studies address the utility of adenoviral retargeting and indicate that practical use of gene
therapy approaches can be developed based on our vascular targeting technology. Here we have
been exploring the homing ability of angiogenic vasculature-homing peptides by incorporating
them as targeting devices for gene delivery systems. Of all the vector systems currently being
explored, adenoviruses have the greatest potential to test the principles of cancer gene therapy
(37, 42-46). Here we plan to develop a new approach for vector targeting. We will first obtain
virus-binding antibodies that can ablate the endogenous tropism of the adenovirus vectors. These
antibodies will then be utilized to form molecular conjugates with the homing peptides in order to
redirect adenovirus gene transfer upon systemic delivery.

The studies undertaken in this proposal specifically focused on the use of peptide sequences
with selective angiogenic vasculature targeting properties. We are now seeking to validate these
probes as delivery vehicles in targeting approaches.

Phage capable of homing to tumor angiogenic vasculature were recovered from a phage display
peptide library following intravenous administration. Using this strategy, we have isolated
several tumor-homing phage. Among those were phage displaying the tripeptide asparagine-
glycine-arginine (NGR), glycine-serine-arginine (GSL), and a double cyclic RGD (RGD-4C). We
have shown that each of those peptides bind to three different receptors in tumor angiogenic
vasculature. Based on our in vivo studies targeting tumors with NGR-, GSL- and RGD-4C-
phage, our idea is that such peptides are suitable for the generation of molecular adaptors for the
targeted delivery of therapies to angiogenic vasculature.
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PROPOSAL BODY

The tasks originally approved for this proposal are listed below.

1. To perform in vivo screenings to select phage-displayed peptides that home into human
breast cancer xenografts. We will use various phage peptide library configurations and a
series of human breast carcinoma cell lines injected in the mammary fat pad of immuno-
deficient mice.

2. To test the tumor-homing phage selected in the screenings for their tumor vasculature
and tumor stroma binding specificities. Each tumor homing phage displayed peptides will
be tested individually for their ability to home into tumors in vivo. Immuno-staining
experiments will be performed to ascertain the location of the target molecules.

3. To generate a panel of monoclonal antibodies against adenovirus. RBF superimmune mice
will be immunized with adenovirus. Hybridomas will be screened using a number of strategies
and clones producing antibodies to surface viral antigens will be characterized.

4. To use the reagents described above to produce Fab conjugates that can be used for
maximizing the delivery of Adenovirus-based gene vectors to tumors in vivo.

In the following pages we report on significant progress on each specific aim during the past year.

We have isolated phage that home into tumors. The distinct phage display 3 classes of peptides
(NGR, GSL and RGD-4C). We have shown that phage displaying such peptides bind selectively
to angiogenic tumor vessels when injected into tumor-bearing mice (20). The RGD-4C peptide
binds to v integrins in angiogenic vessels (18, 20). The receptor for NGR-containing peptides in
the tumor vasculature is CD13 (47, 48). We have evidence that the receptor for the GSL-
containing peptides is the proteoglycan NG2 (49, 50).

The phage methodology that we have developed is appropriate for the search of homing
sequences, and it can serve as a model for the selective targeting of angiogenic vasculature. Our
pub‘lished results show that when cytotoxic drugs are coupled to peptide motifs that target tumor
vasculature, they appear to be more effective and to cause fewer untoward effects than when the
drugs are administered alone. To demonstrate the feasibility of therapeutic tumor targeting, we
coupled a tumor-targeting peptide to doxorubicin to see if the peptides could improve the
efficacy and/or toxicity profile of a drug. We have shown that this could be accomplished in an
impressive manner. Doxorubicin, when coupled to a tumor-targeting peptide, is both less toxic
and more effective than free doxorubicin or doxorubicin coupled to an unrelated peptide (see
below) (20).
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Many existing therapies could be made more effective if site-specific delivery could be achieved,
particularly vectors for cancer gene therapy (42-46). The utility of adenovirus vectors for gene
therapy is being intensely investigated, and there are a number of genetic approaches that are
being explored for the treatment of cancer. These include the transfer of “suicide” genes that
convert inactive pro-drugs into cytotoxic compounds, transcomplementation of defective tumor-
suppressor genes and the use of oncolytic viruses (37, 51, 52).

As discussed above, vectors that drive the expression of antiangiogenic agents such as endostatin
and angiostatin, as well as suicide or pro-apoptotic genes have also shown promise as antitumor
agents. In an independent but related line of work, our group has recently reported on novel
homing-proapoptotic peptides for cancer treatment (53).

We found that some cell death receptors require embedded pro-apoptotic peptide sequences (54).
These sequences and structurally similar pro-apoptotic antibiotic peptides disrupt negatively
charged membranes and thus induce mitochondrial swelling and mitochondria-dependent cell-free
apoptosis (55). We integrated this concept with our vasculature targeting technology by
introducing homing pro-apoptotic peptides (HPPs) composed of 2 functional domains. The
homing domain is designed to guide the HPP to targeted cells and allow its internalization. The
pro-apoptotic domain is non-toxic outside of cells but promotes disruption of mitochondrial
membranes and subsequent cell death when internalized by target cells. Our prototype peptide
is only 21 amino acids long, is selectively toxic to endothelial cells undergoing angiogenesis in
vitro, and has strong anti-tumor activities in mice. For the homing domain, we used either the
cyclic (disulfide bond between cysteines) CNGRC peptide or the double cyclic ACDCRGDCFC
peptide, both of which have tumor-homing properties (18, 20) and for which there is evidence of
internalization (20, 56, 57). We synthesized this domain from all L-amino acids because of the
presumed chiral nature of its receptor interaction. Homing pro-apoptotic peptides represent a
new class of anti-cancer agents that can be optimized for maximum therapeutic effect by
adjusting properties such as residue placement, domain length, peptide hydrophobicity and
hydrophobic moment (58). Beyond this, future HPPs might be designed to disrupt membranes
using a completely different type of pro-apoptotic domain such as f3-strand/sheet-forming
peptides (59). Our results provide a glimpse at the potential of a novel cancer therapy combining
two principles of specificity — homing to targeted cells and selective apoptosis of targeted cells
(53).

Here we proposed to extend our findings with drug conjugates and targeted pro-apoptotic
peptides, by developing molecular adaptors that can be used to target gene therapy vectors to
tumor vasculature in vivo following intravenous administration. Our hypothesis is that the
homing peptides we have isolated can be incorporated into targeted gene transfer methodologies
that will increase the efficiency and decrease the harmful effects of delivering genes into normal
cells. Specifically we will compare the properties of various tumor-targeting peptides for their
ability to target adenovirus vectors when combined as molecular adaptors to peptides that bind
to the viral gene therapy vectors.




Principal Investigator: Renata Pasqualini

Our results suggest that it may be possible to use av-, CD13-, and NG2-directed peptides
(RGD-4C, CNGRC, and GSL) to target genes to angiogenic vasculature and from there, into the
target tissue. Peptides may have advantages in this regard, especially when compared to
antibody-based approaches, because they are smaller, more likely to diffuse efficiently within the
tumor, and less likely to be immunogenic. Targeted delivery of gene therapy vectors, especially
adenoviral ones, may also lead to reduced immunogenicity against the virus, one of the major
complicating factors that hamper the success and efficiency of gene therapy-based approaches to
date.

Targeting of tumor vasculature with phage

We reasoned that in vivo selection could be used to target endothelial markers on angiogenic
tumor vessels. We have tested this hypothesis and have successfully targeted the blood vessels
in several human tumor types. Injection of phage libraries into the circulation of mice bearing
human breast carcinoma xenografts followed by recovery of phage from the tumors led to the
identification of a number of peptide motifs that selectively directed the phage into the tumors.
Different libraries yielded different peptides, but three main motifs emerged. One of the motifs
contained the sequence RGD (arginine-glycine-aspartic acid; (60). The RGD sequence was
embedded in a peptide structure that, as we have previously shown, binds selectively to av
integrins (61, 18). As the avB3 and av5 integrins are known markers of angiogenic vessels (12,
62, 63), we had previously tested phage carrying this motif, COCRGDCFC (termed RGD-4C),
for tumor targeting. This phage homes into tumors in a highly selective manner and its homing is
specifically inhibited by the cognate peptide (18, 20). One of the two new peptides that
accumulated in tumors, was derived from a library with the structure CX;CX3CX;C (20). This
peptide, CNGRCVSGCAGRC, contained the NGR (asparagine-glycine-arginine) motif, which
has been identified previously as a cell adhesion motif (64, 65). We tested two other peptides
that contain the NGR motif, but are otherwise entirely different from the CNGRCVSGCAGRC
peptide. One of them is a linear peptide, NGRAHA (64), and the other a cyclic one,
CVLNGRMEC. The CNGRCVSGCAGRC-phage and both of the other NGR-displaying phage
homed into the tumors. The tumor homing was not dependent on the tumor type or on species;
the phage accumulated selectively in the human breast carcinoma used in the selection, as well as
in a human Kaposi’s sarcoma and a mouse melanoma (data not shown). We synthesized the
minimal cyclic NGR peptide from the CNGRCVSGCAGRC-phage and found that this peptide
(CNGRC), when co-injected with the phage, inhibited the accumulation of
CNGRCVSGCAGRC-phage and of the two other NGR-displaying phage in breast carcinoma
xenografts.

The RGD-4C homes selectively to the breast cancer tumor and its homing is readily inhibited by
the free RGD-4C peptide (18). The tumor homing of RGD-4C phage was not inhibited by the
CNGRC peptide, even when the peptide was used in amounts 10-fold greater than those that
inhibited the homing of the NGR phage. The tumor homing of the NGR phage was also partially
inhibited by the RGD-4C peptide, but this peptide was 5-10 times less potent than the CNGRC
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peptide. Thus, the two peptides displaying RGD and NGR appear to bind to different, albeit
perhaps somehow related, receptor sites in tumor vasculature. An unrelated cyclic peptide,
GACVFSIAHECGA had no effect in the tumor homing ability of either phage.

Immunostaining of tissues for phage also showed that the NGR phage homing selectively homes
into tumors. In one set of experiments, phage were allowed to circulate for 3-5 minutes, followed
by perfusion. In the second set of experiments, tissues were analyzed 24 hours after phage
injection. At this time point, there is almost no phage left in the circulation, and perfusion is no
longer needed (18, 20). Strong phage staining was seen in tumor vasculature but not in normal
endothelia. Testing of the CNGRCVSGCAGRC-phage homing to MDA-MB-435 cell-derived
breast carcinoma xenografts and KS1767 cell-derived Kaposi’s sarcoma xenografts gave a similar
result. The two other NGR phage, NGRAHA and CVLNGRMEC, also showed strong tumor
staining (data not shown). In both tumor types, phage was clearly detected in the tumor vessels
in the 3-5 minute time frame. The phage appeared to have accumulated and the staining was
spread outside the blood vessels and into the tumors at 24 hours.

Increased permeability of tumor blood vessels (23, 65) may account for the spreading of phage
proteins into the parenchyma of tumors. Receptor-mediated internalization by angiogenic
endothelial cells (20, 56, 57), and subsequent transfer to tumor tissue may also play a role.

The CNGRCVSGCAGRC-phage yielded the largest difference between phage staining in tumor
tissues compared to normal tissues among all of the tumor-homing peptides analyzed. Several
control organs were also studied and gave very low or no immunostaining, confirming the
specificity of the NGR motifs for tumor vessels (20). Spleen and liver contained detectable
phage; the uptake by the reticuloendothelial system is a general property of the phage particle
and independent of the peptide it displays (17, 18). These immunostaining results with the
NGR phage are similar to observations made with the RGD-4C phage (18). The time frame for
the phage staining experiments presented was based on our previous experiments on kinetic of
phage clearance after intravenous administration (18, 220, 66). We have more recently also
examined the intermediate time points (1, 3, 8, 12h), and observed similar results.

Control phage were injected in tumor-bearing mice and showed no homing to tumors. Those
controls include (i) phage without insert, (ii) unselected phage library mixtures, (iii) phage
selected and shown to home to other normal vascular beds, and (iv) phage displaying peptides
that are unrelated to NGR. In addition, an insertless phage with a different selective marker -
ampicillin instead of tetracyclin (66) - was co-injected with the NGR phage at the same input to
assess specificity within the same tumor-bearing animal. Plating the phage recovered from the
tissues on tetracyclin and ampicillin plates showed that over 10-fold more NGR phage than
ampicillin phage accumulated in the tumor. In contrast, slightly more ampicillin phage than the
NGR phage were recovered from other control organs tested. Moreover, co-injection of
CNGRC-phage with a 10-fold excess of phage particles engineered to be non-infective did not
affect tumor homing, whereas this procedure decreased the accumulation of phage in trapping
organs that are members of the reticuloendothelial system, such as the spleen and the liver (18).
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The accumulation of the NGR phage into tumors is not a result of increased tumor
vascularization in comparison to normal tissues. There is an extensive body of literature to the
effect that tumors do not contain more blood vessels than normal organs (23). In fact, quite the
opposite is observed; it is well established that solid tumors are less vascularized than many
normal tissues. In a tumor, approximately 100 tumor cells can be supported by one endothelial
cell. In contrast, every cell within normal tissues lives adjacent to an endothelial cell in a capillary
blood vessel, or in certain cases, lies between two capillary blood vessels (23). Therefore, the
accumulation of the NGR phage in tumor vasculature is specific and reflects NGR-phage binding
to tumor vasculature, and not simply phage trapping.

These experiments make an important point because they demonstrate that it is possible to
develop probes that target angiogenic vasculature, a common feature in all solid tumors.
Moreover, targeting tumor vasculature, unlike conventional tumor targeting, possesses an
intrinsic amplification mechanism; it has been estimated that 100 tumor cells should die for each
destroyed endothelial cell in tumor blood vessels. Finally, because tumor endothelial cells are
diploid and nonmalignant, they are unlikely to lose a cell surface target receptor or acquire
resistance to therapy through mutation and clonal evolution (31-33).

Receptors for NGR, RGD-4C and GSL tumor vasculature-homing phage

The fact that the receptors for our tumor-homing phage are known represent a major advantage
because one is able to evaluate the presence of the receptors in human tumors using antibodies in
addition to phage. This information is obviously crucial in terms of the development of realistic
therapy targeting strategies that can be applicable to cancer patients.

Several lines of evidence have implicated the integrins av33 and avB5, the receptors for the
RGD-4C tumor-homing phage, in the angiogenic process. It has been shown that v integrins are
selectively expressed in angiogenic vasculature in human tumors but not selectively expressed in
normal vasculature (18, 20, 62). Moreover, av integrin antagonists have been shown to block the
growth of neovessels (13, 14, 67); in these experiments, endothelial cell apoptosis was identified
as the explanation for the inhibition of angiogenesis (13, 14). Concordant with these findings, it
appears that two distinct cytokine-induced pathways that lead to angiogenesis depend on
specific av integrins. Angiogenesis initiated by bFGF can be inhibited by an anti-ovB3 blocking
antibody, whereas VEGF-mediated angiogenesis can be prevented by a blocking antibody against
o.vB5. The integrins avB3 and av5 have been reported to be preferentially displayed in
different types of ocular neovascular disease in humans (62, 63).

As for the characterization of the NGR receptor - CD13 - we have evidence that NGR-containing
phage co-localizes with CD13/APN in human tumors where it binds to tumor blood vessels but
not to resting vessels in normal tissues. We also have immunohistochemical evidence also that
CNGRC-phage binds to human tumor vessels in tissue sections but not to normal vessels. A
negative control phage with no insert (fd phage) did not bind to normal or tumor tissue sections.

12
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These findings prompted us to evaluate expression of CD13/APN in cell lines, in normal
vasculature and in the vasculature of tumors and other angiogenic tissues.

Flow cytometry and immunohistochemistry showed that CD13/APN is expressed in a number of
tumor cells and HUVECs. CD13/APN was not detected in the vasculature of normal organs of
mouse and human tissues. Immunohistochemistry also enabled us to analyze the distribution of
CD13/APN in tumor cells, tumor vasculature, and normal vasculature. Our studies clearly
demonstrate that CD13/APN, the NGR receptor in tumor vessels, is specifically expressed in
angiogenic endothelial cells and pericytes of both human and mouse tissue (Table 1, Figure 1).

Confocal microscopy showed that CD13/APN expression is confined to the endothelial cells and
pericytes in breast carcinoma human tissue sections (Figure 2). Similar staining patterns were
obtained with the NGR phage and the anti-CD13 antibodies. In each case, reactivity could be
detected in the vasculature of the tumors but not in that of normal tissues. Unquestionable direct
evidence for the identity of the NGR receptor as CD13 derived from recent experiments
involving studies using CNGRC phage and anti-CD13 antibodies. We have shown that the
staining with anti-CD13 antibodies in human tumor tissue sections can be abrogated by pre-
incubation of the tumor section with NGR-phage but not a control phage (48). We have also
demonstrated that the homing of the CNGRC phage into tumors iz vivo is inhibited by co-
injection with anti-CD13 antibodies, but not control antibodies (Figure 3). In some of the
experiments, the tumors were generated by injecting MDA-MD-435 breast carcinoma, a cell line
that does not express CD13. Conversely, Hodgkin’s lymphoma, C8161 melanoma, and Kaposi’s
sarcoma cell lines express high levels of CD13. The targeting of the CNGRC-phage or the
CNGRC-dox conjugate in vivo is equally efficient, whether or not the tumor cells express
CD13/NGR receptor.

During the past decade, 2 independent lines of research have lead to compelling evidence that the
proteoglycan NG?2 is upregulated in angiogenic vasculature. Elegant immunohistochemical
studies have shown that NG2 is highly expressed in pericytes (49, 50). In collaboration with Dr.
William Stallcup at the Burnham Institute, we have shown that NG2 not only is overexpressed,
but that it plays an important role in tumor and retinal neovascularization. An interesting
connection between NG2 and our GSL tumor homing peptide came to light because we found
that in vitro panning on immobilized NG2 yielded GSL-containing phage. GSL-phage, as well as
other novel NG2-binding peptides isolated in vitro, mediate selective phage homing to retinal
neovasculature. Experiments using wild-type and NG2-null mice bearing tumors further
demonstrated that NG2 serves as a target for tumor-vasculature homing phage (49). We have in
vitro and in vivo data strongly indicating that GSL-phage specifically binds to NG2.

Proteoglycans have been shown to function in the binding and entry of many viruses into cells
(68). Proteoglycans have also been shown to mediate gene transfer into cultured cells by
methods relying on polylysine or carionic liposomes (68). These observations suggest that NG2
might be a suitable receptor for the uptake of targeted gene therapy vectors in vivo. We plan to
explore this possibility using GSL-containing molecular adaptors.
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Molecular adaptors for targeted delivery of genes to angiogenic vasculature

Selection of adenovirus-binding antibodies

In order to establish molecular adaptors with dual specificities (containing a tumor vasculature-
homing moiety and an adenovirus binding moiety), we have generated monoclonal antibodies
against adenovirus. We were successful in isolating distinct monoclonal antibodies that interact
with adenovirus (Table 2). We have determined the affinity and specificity for each of the
antibodies by performing ELISA assays (Figure 4) and Biacore studies. Clones 3B2 and 1C5
bind to adenovirus fiber knob, as determined by ELISA, using a recombinant fiber knob fusion
protein (Figure S).

We have further characterized the anti-adenovirus antibodies by investigating whether the
antibodies can block adenovirus infectivity (Figure 6). The antibody 1C5 was the most effective
in this type of assay. We have also tested the reactiviy of multiple clones for their ability to
recognize adenoviral proteins by Western Blot analysis and immunofluorescence of infected cells.
Both clones 1C5 and 3B2 reacted strongly with adenovirus-infected cells (Figure 7).

The next step is to conjugate the best antibodies to our tumor-homing peptides and evaluate their
potential as gene therapy targeting. In vitro, we were able to show - using tow different kinds of
antibody conjugates - that impressive targeting effects can be achieved. As a prototype, we have
used a peptide that recognizes membrane dipeptidase. This peptide contains the motif GFE.
MDP is a protease that is highly expressed on the surface of certain tumor cell lines. Increased
gene expression using a promoter gene was observed when 436 breast carcinoma monolayers
were incubated with adenovirus in the presence of the conjugate. Using chemical conjugates, we
could also detect an Fe-dependent targeting effect using antibody conjugate made with the 1C5
monoclonal antibody (Figure 8).

KEY RESEARCH ACCOMPLISHMENTS:

¢ We have performed in vivo screenings and have selected phage-displayed peptides that

home into human breast cancer xenografts.

e We have characterized the tumor-homing phage selected in the screenings for their

selectivity in homing to tumor vasculature.

e We have characterized the receptors for tumor homing peptides in angiogenic

vasculature.

e We have generated and characterized a panel of monoclonal antibodies against

adenovirus.
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REPORTABLE OUTCOMES

None at this time

CONCLUSION

The ability to target genes to malignant tumors has been a long standing goal in medical oncology.
Unfortunately, to date, there are only a few selected situations in which targeted delivery is
actually feasible. Tumor targeting approaches tend to be either highly invasive or suffer from a
lack of specificity and incomplete tissue penetration. Several lines of research have recently
converged to explore vascular targeting by taking advantage of the differences between the newly
formed vessels in tumors and the mature vessels in normal tissues.

Our approach is particularly novel because it directly selects in vivo for circulating probes capable of
preferential homing into tumors. We have now uncovered new markers in the vasculature of tumor
vasculature, providing a new means for selective targeting of therapies and new insights into endothelial
tissue specificities. During the remaining of the grant duration, we plan to use the reagents described
above to produce Fab conjugates that can be used for maximizing the delivery of Adenovirus-based
gene vectors to tumors in vivo.
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FIGURE LEGENDS:

Figure 1 Immunoperoxidase staining for APN in tumor and normal tissues in mice. (a), a
xenograft tumor grown from MDA-MB-435 human breast carcinoma cells in a nude mouse.
Anti-mouse APN shows positive staining in the tumor blood vessels. (b), the tumor cells and
blood vessels in this xenograft are negative with anti-human APN which does not react with
mouse APN . Mouse liver (c) and spleen (d) show no significant staining with the anti-mouse

APN antibody.

Figure 2 APN expression in human angiogenesis. Upper-right panel: confocal
immunofluorescence image showing anti-APN staining of a medium-size vessel in a human breast
carcinoma. APN staining is present both at the endothelial surface and in a subendothelial layer.
Lower-right panel: staining with an antibody anti-APA, a pericyte marker. Left panels, phase

contrast of the corresponding images. Magnification 400X.

Figure 3 Phage expressing the NGR peptide motif bind to APN. Inhibition of NGR phage
tumor homing by anti-APN. Tumor-bearing mice with size-matched MDA-MB-435 tumors
were coinjected with 10° TU/mouse of the indicated phage together with anti-APN IgG or normal

rat IgG. The number of phage TU recovered from the tumors is shown (mean+SEM; n=3).

Figure 4 ELISA using anti-adenovirus monoclonal antibodies. Microtiter wells were coated
with adenovirus intact particles and incubated with the indicated antibodies in serial dilutions.
The mean of triplicates in one representative experiment is shown. There was no reactivity above

background with the blocking protein used as a control (BSA).
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Figure 5 ELISA using anti-adenovirus monoclonal antibodies and recombinant fiber knob.
Microtiter wells were coated with recombinant fiber knob at 2 pg/ml and incubated with the
indicated antibodies. The mean of triplicates in one representative experiment is shown. There

was no reactivity above background with the blocking protein used as a control (BSA).

Figure 6 Neutralization of Ad5 infection by anti-adenovirus monoclonal antibodies. Shown are
the % of lacZ-positive cells (100% corresponds to the number of positive cells observed with an
irrelevant antibody. The data presented are the means of two duplicate wells in two independent

experiments.

Figure 7 Immunofluorescence images showing adenovirus staining of infected cell monolayers

using anti-adenovirus monoclonal antibodies. DAPI was used for nuclear staining.

Figure 8 (a) MDP receptor-targeted sensitization of MDA-MB-435 breast cancer cells to
adenovirus mediated gene transfer. MDA-MB-435 breast cancer cells were seeded, grown
for 24h and then incubated adenovirus carrying a lacZ reporter gene. The vector was incubated
with the cells in the presence of various concentrations of either Fab, Fab-CARAC or Fab-GFE
conjugates for 90 minutes. #-galactosidase expressing cells were visualized with Xgal 24h
following the onset of Ad-infection. 3-gal positive cells were counted microscopically. (b) Fe
receptor-targeted sensitization of MDA-MB-435 breast cancer cells to adenovirus
mediated gene transfer. MDA-MB-435 breast cancer cells were seeded, grown for 24h and
then incubated adenovirus carrying a lacZ reporter gene. The vector was incubated with the cells
in the presence of various concentrations of either thé 1CSIIE11 antibody or its Fab fragment for
90 minutes. B-galactosidase expressing cells were visualized with Xgal 24h following the onset of

Ad-infection. B-gal pbsitive cells were counted microscopically.
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Table 1. Expression of CD13/APN in normal and tumor vasculature

anti-CD13 monoclonals: WM15 ab 1H4 ab

blood vessels in normal organs

brain - I+
kidney - -
skin - -
liver - -
lung - -
spleen - -
intestine - -
heart - -
retina - -
spinal cord +/- +/-

tumor vasculature*

endothelial cells +H++ 4+
pericytes +++ 4+

*Human tumors tested: breast, colon, gastric, and esophageal carcinomas. Analysis of
normal mouse tissues and tumors (MDA-MB-435 and Kaposi’s sarcoma) with anti-
mouse anti-CD13 antibodies (R3-63 and 2M7) showed similar results.
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Phage displaying an Arg-Gly-Asp (RGD)-containing peptide with a high affinity for av integrins homed
to tumors when injected intravenously into tumor-bearing mice. A substantially higher amount of
av-directed RGD phage than control phage was recovered from malignant melanomas and breast carci-
noma. Antibodies detected the av-directed RGD phage in tumor blood vessels, but not in several normal
tissues. These results show that the av integrins present in tumor blood vessels can bind circulating
ligands and that RGD peptides selective for these integrins may be suitable tools in tumor targeting for

diagnostic and therapeutic purposes.

Keywords: phage display, tumor targeting, RGD, angiogenesis, integrins

Endothelial cells in different parts of the vasculature are not alike;
various organs and tissues express specific endothelial surface
markers, while a separate set of surface molecules marks the endo-
thelium at sites of inflammation'*.

Tumor vasculature undergoes continuous angiogenesis and
expresses molecular markers that characterize these vessels. The
markers in angiogenic endothelium include certain receptors
for vascular growth factors, such as various VEGF receptors’™", and
the av3 integrin'. Preventing the avB3 integrin, and in some
cases avf35, from binding to their ligands causes apoptosis in
the endothelial cells of newly formed blood vessels'*. Peptides
that mimic ligands of these integrins and anti-integrin antibodies
capable of inhibiting their ligand-binding have antitumor
effects'”. Blockers of av integrins also show promise as inhibitors
of pathological angiogenesis in other situations, such as in
retinopathy™.

An immunohistochemical study indicates that various inte-
grins, including avB3, can be expressed on the apical surface of
blood vessels®. We asked whether avf3 integrins are active and
available for binding of circulating ligands and whether the expres-
sion levels of this integrin in tumor and normal vasculature are
sufficiently different to permit tumor targeting.

We recently developed an in vivo targeting system that uses
peptides expressed on the surface of bacteriophage to study organ-
specific targeting®. Peptides in as many as 10° permutations are
expressed on the surface of phage where the peptide is fused to one
of the phage surface proteins®; in the in vivo procedure, phage
capable of homing into certain organs or tissues following an
intravenous injection are selected from such a peptide library. The
ability of individual peptides to target a tissue can also be analyzed
by this method®.

We use phage-displayed peptides to target tumors, focusing on
targeting of av integrins in tumor blood vessels with a selected
peptide. Many integrins, the av integrins in particular, recognize
an Arg-Gly-Asp (RGD) sequence as the critical determinant in
their ligands. Peptides containing the RGD sequence are com-
monly employed as specific probes for the various integrins®. We
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used a nine-amino acid peptide that contains an RGD sequence in
a cyclic conformation with two disulfide bonds, which is highly
selective for the av integrins®, We have found that phage bearing
this cyclic nonapeptide, CDCRGDCFC, become selectively concen-
trated in tumors, suggesting that av-directed peptides can be use-
ful in diagnostic and therapeutic tumor targeting.

Results

Targeting of CDCRGDCFC-phage into tumors. We studied the
distribution of phage carrying the CDCRGDCEFC peptide (RGD-
4C phage) and various control phage after intravenous injection
into tumor-bearing nude mice. MD-MBA-435 human breast can-
cer tumor (diameter 1-1.5 cm) grown in the mammary fat pad
was used as the initial target. The phage was rescued from the tis-
sues 4 min after the injection, and the number of phage per gram
of tissue was quantitated. The control phage mixture shows no
appreciable enrichment in any organ without multiple rounds of
selection, allowing comparison of the RGD-4C phage distribution
with that of unselected control phage. The control phage mixture
(and several individual phage used as additional controls, see
below) were found in about 20-fold higher levels in the two nor-
mal tissues studied, the brain and the kidney, than in the tumors
(Fig. 1A); the difference probably reflects greater blood flow into
these normal organs than into tumor tissue. In contrast, twofold to
threefold more of the RGD-4C phage was rescued from the tumors
than from the control tissues, and less of this phage was found in
the control tissues than of the control phage.

We have also quantitated the RGD-4C phage in tumor and
brain tissues obtained after the mice were perfused through
the heart, and have found that 20-fold more RGD-4C phage can
be recovered from the tumor (not shown). This observation is
in agreement with the immunostaining data detailed below
(performed under the same conditions), which also show that the
majority of phage in the normal tissues is not bound to the tissues,
and it is likely to represent background.

The difference in the amount of the RGD-4C phage relative
to the control unselected phage mixture was, on average, tenfold
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Figure 2. Targeting of the CDCRGDCFC-phage into B16B15b murine
melanoma tumors. Phage carrying the peptide (10° transducing units)
were injected in the tail vein of mice bearing tumors that were about
1 cm in diameter. The phage was coinjected with 500 pg of either the
corresponding soluble peptide, ACDCRGDCFCG, or a control peptide
(GRGESP). The number of phage recovered is shown. S.E.M. from
triplicate platings is shown; all differences are statistically significant
(p<0.001).

(10 independent experiments). Taking into account this difference
and also the lower background of the RGD-4C phage in the
control organs, the overall tumor selectivity of the RGD-4C phage
is estimated to be in the range of 40-fold to 80-fold. In addition,
the specificity of the RGD-4C localization into the tumors was
further demonstrated by a substantial reduction in the tumor
accumulation upon coinjection of the cognate RGD peptide,
ACDCRGDCEFCG, (Fig. 1B). Coinjection of a control peptide,
which has no appreciable affinity for integrins (GRGESP), had no
effect; similar results were obtained in six experiments.
In contrast to what was seen in the tumors, the RGD-4C peptide
reduced only slightly, or did not affect at all, the amount of RGD-
4C phage recovered from brain and kidneys, supporting the con-
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Figure 1. Intravenously injected phage carrying an av-directed RGD
peptide are preferentially recovered from MDA-MB-435 derived breast
carcinoma tumors. (A) Recovery of av-directed CDCRGDCFC-phage
from tissues. Phage carrying the peptide, or pooled phage (CX5-7C
libraries), were injected in the tail vein of mice bearing MDA-MB-435
breast carcinoma size-matched tumors (about 1.2 cm in diameter).
The number of phage recovered and standard error of the mean
(S.E.M.) from triplicate platings are shown. All differences are statis-
tically significant (p<0.001). (B) Inhibition of CDCRGDCFC-phage
targeting by the corresponding soluble peptide. Phage carrying the
peptide (10° transducing units) were injected in the tail vein of mice
carrying MB-MDA-435 breast carcinoma tumors that were about
1.2 cm in diameter. The amounts of phage recovered from various
tissues without inhibition and in the presence of a soluble peptide
similar to the sequence displayed by the phage (ACDCRGDCFCG) or
a control peptide (GRGESP) are shown. S.E.M. from triplicate platings
is shown. All differences are statistically significant (p<0.001).
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clusion that the phage was nonspecifically trapped in these organs.
Another RGD phage, which carries a peptide selective for the a581
integrin, CRGDGWC (ref. 22), was also tested. It was found to be
similar to the control phage mixture, showing no preferential accu-
mulation into the MDA-MB-435-derived tumors (data not
shown).

The RGD-4C phage also accumulated preferentially into subcu-
taneous murine B16B15b melanoma (Fig. 2) and human C8161
melanoma tumors (data not shown). The tumor homing was,
in each case, greatly reduced by coinjection of the cognate peptide,
but not by the GRGESP control peptide (Fig. 2). We also observed
that when the C8161-derived and MDA-MB-435-derived tumors
were smaller than 0.5 cm, less specific targeting was seen than with
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Figure 4. Detection of phage antigens in tissues 24 h after intravenous
injection. Phage carrying the av-directed peptide CDCRGDCFC or
insertless control phage were injected intravenously into mice. (A, C,
E, F) Mice that received the phage carrying the av-directed peptide
CDCRGDCFC. (A) MDA-MB-435 breast carcinoma tumor tissue. (C)
Brain. (E) Lung. (F) Kidney. (B) Phage staining of MDA-MB-435 tumor tis-
sue from a mouse that received insertless phage. (D) Brain tissue from
an animal injected with a brain-selective phage (CSSRLDAC-phage®).
Magnification = 100x.
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Figure 3. Immunohistochemical staining of phage in tumors and tis-
sues of tumor-bearing mice. Phage carrying the av-directed peptide
CDCRGDCFC or insertless control phage were injected intravenously
into mice. An antibody against M13 phage and a polyclonal anti-avB83
were used for staining. (A through F) Mice that received the phage
carrying the av-directed peptide CDCRGDCFC. (A) MDA-MB-435 breast
carcinoma tumor tissue. (B) Skin adjacent to the tumor. (C) Brain.
(D). Kidney. (E) Lung. (F) Liver. (G) Phage staining of MDA-MB-435 tumor
tissue from a mouse that received insertless phage. (H) MDA-MB-435
tumor tissue stained with anti-avB3 antiserum. (I through L) Mice
bearing B16B15b-derived melanoma. (I and J) Mice injected with the
phage carrying the av-directed peptide CDCRGDCFC. () Tumor. (J)
Skin adjacent to the tumor. (K) Phage in tumor tissue from mice that
received the insertless phage. (L) Tumor tissue stained with the anti-
avB3 antiserum. Magnification = 400x.

larger tumors. This is likely due to the lower degree of vasculariza-
tion in the smaller tumors, which we observed by staining for von
Willebrand factor as a marker of blood vessels.

Immunohistochemical staining of phage in tumors and
tissues of tumor-bearing mice.The phage experiments described
above were performed by quantitating the phage in tissue extracts
after a short circulation time. This experimental arrangement was
chosen to avoid having the specifically bound phage be taken up by
the cells and inactivated. However, we did note that perfusion of
the mice through the heart reduced the background phage counts
in the nontumor tissues. As any phage inactivation was not likely
to be critical in immunostaining experiments, the mice were per-
fused prior to processing the tissues for staining. Marked staining
for the phage was seen in an MDA-MB-435-derived breast carci-
noma tumor from an animal injected with the RGD-4C phage
(Fig. 3A), whereas injection of the control phage mixture or an
insertless control phage (Fig. 3G) gave no staining in size-matched
tumors. The staining observed in the tumors followed the small
blood vessels and appeared to localize to the endothelial lining.
Control tissues (skin adjacent to the tumor, brain, kidney, and
lung) from animals injected with the RGD-4C phage showed no
staining (Figs. 3B to E).

In keeping with the previously observed capture of circulating
phage into tissues containing a reticuloendothelial system (RES)
component’, both the RGD-4C and control phage caused staining
in the liver (Fig. 3F). Phage quantitation experiments have shown
that the liver uptake of the phage can be prevented by coinjecting
the mice with an excess of noninfective fuse 5 phage (not shown).
This and the fact that the liver localization was independent of the
peptide carried by the phage clearly indicate that the liver uptake is
a property of the phage, not of the peptide.

Immunostaining also localized the RGD-4C phage to blood
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vessels within the melanoma tumors (Fig. 3I). The skin adjacent
to the tumor was not stained (Fig. 3]) and control phage gave no
staining in the tumor (Fig. 3K).

The MDA-MB-435 carcinoma and the B16B15b melanoma
cells express the avB3 integrin, as determined by FACS analysis
(data not shown). Immunostaining of tumor sections with a poly-
clonal anti-avp3 antibody revealed staining of both the tumor
tissue and the blood vessels in it (Figs. 3H and L).

To mimic more closely a clinically relevant tumor-targeting
situation, we have also conducted a series of experiments in which
the avP3-directed RGD phage was allowed to circulate for 24 h
prior to harvesting of the tissues for immunostaining. At the
24 h time point, about 90% of the phage had been eliminated from
the circulation. Immunostaining revealed phage proteins in and
around the small blood vessels within the tumor (Fig. 4A), but all
other organs studied (with the exception of the liver and the
spleen) were negative (Fig. 4B, C, E, and F). A phage carrying a
brain-homing peptide stays inside the blood vessels, even after 24 h
(Fig. 4D).

Discussion

We have shown that an RGD peptide selective for av integrins can
direct phage displaying such a peptide to home into tumors. Blood
vessels appear to be the structural component targeted by the
phage displaying the av-directed peptide.

We used peptides displayed on phage as a probe in our tumor
targeting experiments. While phage as a carrier has some limi-
tations, such as being taken up by the RES®®, it can serve to illus-
trate the potential of peptides to target materials into selected
tissues. In this regard, the phage mimics the targeting of particles,
such as liposomes, as well as the viruses used in gene therapy. The
phage can readily be detected in tissues both by counting infec-
tious phage particles and by employing immunohistochemistry.
Moreover, the specificity of the RGD-4C phage can be assessed by
inhibiting the localization with free peptide and by using control
phage that carry another peptide or no peptide at all.

Several observations attested to the specificity of the tumor
targeting by the av-directed RGD-4C phage and the peptide
displayed by it. First, only the phage carrying the RGD-4C peptide
accumulated in tumors, whereas phage carrying another RGD
peptide with a different integrin specificity or phage with unre-
lated inserts did not (except those we have specifically selected for
tumor homing after multiple rounds, data not shown). Secondly,
the difference between the tumor accumulation of the RGD-4C
phage and various control phage was substantial, an average of
tenfold. Taking into account the lower background of the RGD-4C
phage in nontumor tissues, the estimated tumor selectivity of this
phage is even more impressive. Thirdly, the cognate peptide inhib-
ited the tumor homing of the RGD-4C phage. This latter result
shows that the phage homing is dependent on the peptide dis-
played by the phage, and is not caused by some other coincidental
property of the phage. Another control, lack of any effect by a con-
trol peptide on the tumor homing of the RGD-4C phage, further
substantiates the specificity.

The large difference in the tumor homing of the RGD-4C
phage relative to control phage reflects the potential of the system
in tumor targeting. We did recover significant quantities of the
RGD-4C phage from various control organs in the experiments
that used phage counting as the read-out. However, at least a
majority, if not all, of this phage recovery represents nonspecific
background, because it was not reduced upon coinjection of the
cognate peptide. Moreover, perfusion of the mice greatly improved
the tumor tissue/normal tissue ratio. Examination of histological
sections of the tumors revealed fewer blood vessels in the tumors
than, for example, in the brain (Fig. 3), suggesting that the back-
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ground phage level in a given tissue may reflect the number of
blood vessels in that tissue.

The liver and spleen, unlike the other normal tissues we ana-
lyzed, contained phage detectable by immunostaining even after
perfusion, which tends to minimize or eliminate background in
other organs. The RES is known to capture circulating particles,
including phage®, and this appears to be the reason for the pres-
ence of phage in liver and spleen. Administration of noninfective
phage prevents the capture by the RES of phage from a coinjected
peptide library (data not shown), making it possible to reduce or
eliminate this limitation of the phage targeting system. As the liver
uptake is property of the phage, and not related to the peptide car-
ried by the phage, it is not likely to limit the tumor-targeting
potential of the RGD-4C peptide. This potential is illustrated by
the high overall tumor selectivity; the expectation is that other
materials coupled to the same peptide would display similar pref-
erence for tumors.

Even though both the endothelia and the tumors themselves
expressed the av integrin(s) targeted by the RGD-4C peptide, our
observations indicate that the RGD-4C phage binds to the blood
vessels within the tumors. Endothelial binding of the phage was
strongly suggested by the staining results, which showed that the
phage is confined to the tumor blood vessels. Our earlier results
with phage targeting into the brain and kidney also showed exclu-
sive blood vessel localization of the phage®. The endothelium is a
likely—and the tumor cells an unlikely—target for the RGD-4C
phage (and targeting using phage-displayed peptides in general).
The large size of the phage (900 nm in length) makes it unlikely that
the phage would exit the circulation and penetrate into tissues™,
particularly within the few minutes we allowed the phage to circu-
late. Moreover, the vasculature is a likely common denominator for
the three tumors we targeted with the RGD-4C phage, because the
tumors came from two different species (murine and human) and
represented two distinct tumor types (melanoma and carcinoma).
As blood vessels in tumors are known to be “leaky”™, it may be
that in vivo screening will also yield phage capable of binding to
receptor molecules in the parenchyma of tumors.

RGD peptides are generally accepted as probes for integrin
functions in vitro and in vivo. Moreover, drugs are being devel-
oped based on peptides and their mimetics that specifically block
individual integrins?. Blocking ligand binding by the avf3 (or
avB5) integrin with RGD peptides or antibodies shows promise as
an antiangiogenic therapy. Such treatment causes apoptosis in
those endothelial cells that are in the process of forming new blood
vessels, while not harming established blood vessels'*. These
results imply that av integrin(s), while accessible to soluble pep-
tides and antibodies in neovasculature, are engaged in endothelial
cell interactions with the underlying extracellular matrix.
However, in agreement with immunchistochemical studies show-
ing avB3 on the apical surface of blood vessels”, our results show
that sufficient amounts of these integrins are accessible to a partic-
ulate ligand from the circulation, and that the available integrin is
concentrated in tumor vasculature.

The experimental paradigm in which RGD-C-phage was
allowed to circulate for 24 h parallels an actual drug targeting into
a tumor in a clinical setting. Under these conditions the tumor
contained substantial phage staining, whereas less than 10% of the
injected phage was left in the circulation, and all normal tissues
examined, except the RES, were devoid of phage staining. The
breast carcinoma cells used in these experiments express the av33
integrin as do many human tumors"”, and binding of the phage to
the tumor cells may have contributed to the staining outside the
blood vessels in the 24-h experiments. These results suggest that it
may be possible to use av-directed reagents, either peptides or
antibodies, to carry drugs, radionuclides, genes, and other thera-
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peutic substances and devices into tumor vasculature, and from
there, into tumor parenchyma. Peptides may have advantages in
this regard, because they are smaller, more likely to diffuse effi-
ciently within the tumor, and less likely to be immunogenic.

Experimental protocol

Animals. Female 2-month old nude mice (Harlan Sprague Dawley,
San Diego, CA) were used in this study. The animals were cared for according
to the Institute’s animal facility guidelines. Avertin (0.015 ml/g) was used as
anesthetic.

Cell lines and tumors. The human tumor cells used in this study were:
human MDA-MB-435 breast carcinoma?®, murine B16B15b melanoma®,
and C8161 human melanoma®. Cells were cultured in DMEM, 10% FCS
(Irvine Scientific, Irvine, CA) with sodium pyruvate, L-glutamine, and
penicillin/streptomycin (Gibco BRL, Bethesda, MD). Culture medium was
changed 12 h before the cells were injected into mice. Cells were detached from
monolayers at 80% confluence with PBS containing 2.5 mM EDTA, washed
three times with DMEM, counted, and resuspended in DMEM. Tumor cells
were injected in the mammary fat pad (10° per site); tumor growth was moni-
tored daily. Between 20 to 40 days postinjection, when the tumors were 0.4 to
1.5 cm in diameter, animals bearing tumors of similar sizes were selected and
used for targeting experiments and histological analysis.

Tumor targeting. Phage (10° transducing units) were injected intravenously
into mice carrying tumors, and the phage that had accumulated in the tumor
and in various tissues were quantitated as described®, with minor modifica-
tions. In brief, 2 to 4 min after the injection, the mice were snap frozen in liquid
nitrogen while under deep anesthesia. To recover the bound phage, the car-
casses were partially thawed at room temperature, and organs and tumors were
removed, weighed, and ground in 1 ml of DMEM-PI (DMEM containing the
protease inhibitors phenyl methyl sulphonyl fluoride (1 mM), aprotinin (20
wg/ml), and leupeptin (1 wg/ml). Tissue and tumor samples were washed three
times with ice-cold DMEM-PI containing 1% BSA and incubated with 1 ml of
competent K91-kan bacteria for 20 min at room temperature. Ten milliliters of
NZY medium containing 0.2 pg/ml tetracycline were added, the mixture was
incubated at room temperature for 20 min, and 5 to 50 pl aliquots diluted in
100 pl of TBS/1% gelatin were plated in agar plates in the presence of 40 pg/ml
of tetracycline. After 12 h, the colonies were counted. In peptide inhibition
experiments, phage were coinjected with 500 ug of ACDCRGDCECG or
GRGESP. The peptides, ACDCRGDCFCG and GRGESP, were synthesized by
Immunodynamics Inc. (San Diego, CA) and purified to homogeneity by
HPLC. The ACDCRGDCEFCG peptide (RGD-4C) is a cyclic peptide that repro-
duces the sequence of the insert in a phage isolated from a peptide-display
library and includes two amino acids from the phage sequence as flanking exo-
cyclic residues at each end™. As the present experiments were carried out in
mice, we confirmed that the RGD-4C peptide binds specifically to av integrins
in mouse endothelial cells (Bend 3)* by showing that the attachment of these
cells to vitronectin (an av integrin function) could be inhibited without affect-
ing their attachment to fibronectin or laminin, which are B1 integrin functions
(results not shown). Control experiments also showed that none of the
peptides used in this work affected the ability of the phage to infect bacteria.
The selectivity of the RGD-4C towards tumors was calculated based on
multiple parameters; (1) the overall number of RGD-4C phage recovered from
the tumors, brain, and kidney; (2) the background counts found in tumors,
brain, and kidney for unselected phage mixtures (which is high in brain and
kidney); and (3) the lower background of the RGD-4C phage in the control
organs. A mixture of phage was used as a control in most of the experiments to
eliminate the bias that the use of a single control phage might introduce in an
experiment. We have, however, also used individual phage as controls.

Immunohistochemical staining of phage in tumor blood vessels. Tissue
sections were prepared from mice injected with phage as described above;
the anesthetized mice were then perfused through the heart with DMEM.
In some experiments, the phage were allowed to circulate for 24 h. The
organs and tumors were fixed in Bouin’s solution; an antibody against
M13 (Pharmacia, Piscataway, NJ) was used for the staining, followed by
a peroxidase-conjugated secondary antibody (Sigma, St. Louis, MO), as
described®. Tumor sections were also stained with a rabbit polyclonal anti-
body against av3*.
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Cancer Treatment by Targeted Drug Delivery to
Tumor Vasculature in a Mouse Model

Wadih Arap,* Renata Pasqualini,* Erkki Ruosiahtit

in vivo selection of phage display libraries was used to isolate peptides that home
specifically to tumor blood vessels. When coupled to the anticancer drug doxorubicin,
two of these peptides—one containing an «,, integrin-binding Arg-Gly-Asp motif and the
other an Asn-Gly-Arg motif—enhanced the efficacy of the drug against human breast
cancer xenografts in nude mice and also reduced its toxicity. These results indicate that
it may be possible to develop targeted chemotherapy strategies that are based on
selective expression of receptors in tumor vasculature.

Endothelial cells in the angiogenic vessels
within solid tumors express several proteins
that are absent or barely detectable in es-
tablished blood vessels (1), including «,
integrins (2) and receptors for certain an-
giogenic growth factors (3). We have ap-
plied in vivo selection of phage peptide
libraries to identify peptides that home se-
lectively to the vasculature of specific or-
gans (4, 5). The results of our studies imply
that many tissues have vascular “addresses.”
To determine whether in vivo selection
could be used to target tumor blood vessels,
we injected phage peptide libraries into the
circulation of nude mice bearing human
breast carcinoma xenografts.

Recovery of phage from the tumors led
to the identification of three main peptide
motifs that rargeted the phage into the
tumors {6). One motif contained the se-
quence Arg-Gly-Asp (RGD) (7, 8), embed-
ded in a peptide structure that we have
shown to bind selectively to o B; and o Bs
integrins (9). Phage carrying this motif,
CDCRGDCEC (termed RGD-4C), homes
to several tumor types (including carcino-
ma, sarcoma, and melanoma) in a highly
selective manner, and homing is specifically
inhibited by the cognate peptide (10).

A second peptide motif that accumulat-

Cancer Research Center, The Burnham Institute, 10901
North Torrey Pines Road, La Jolla, GA 92037, USA.

*These authors contributed equally to this report.
+To whom correspondence should be addressed. E-mail:
ruosiahti@bumham-inst.org

www.sciencemag.org * SCIENCE  VOL. 279 = 16 JANUARY 1998

ed in tumors was derived from a library with
the general structure CX;CX;CX,C (X
= variable residue, C = cysteine) (6). This
peptide, CNGRCVSGCAGRC, contained
the sequence Asn-Gly-Arg (NGR), which
has been identified as a cell adhesion motif
(11). We tested two other peptides that con-
tain the NGR motif but are otherwise differ-

Fig. 1. Recovery of phage display- A
ing tumor-homing peptides from 4

ent from CNGRCVSGCAGRC: a linear
peptide, NGRAHA (11), and a cyclic pep-
tide, CVLNGRMEC. Tumor homing for all
three peptides was independent of the tumor
type and species; the phage homed to a
human breast carcinoma (Fig. 1A), a human
Kaposi’s sarcoma, and a mouse melanoma
(12). We synthesized the minimal cyclic
NGR peptide from the CNGRCVSG-
CAGRC phage and found that this peptide
(CNGRQ), when coinjected with the phage,
inhibited the accumulation of the CNGR-
CVSGCAGRC phage (Fig. 1A) and of the
two other NGR-displaying phages in breast
carcinoma xenografts (12).

The third motif—Gly-Ser-Leu (GSL) -
and its permutations—was frequently re-
covered from screenings using breast carci-
noma (6), Kaposi's sarcoma, and malignant
melanoma, and homing of the phage was
inhibited by the cognate peptide (Fig. 1B).
This motif was not studied further here.

The RGD-4C phage homes selectively to
breast cancer xenografts (Fig. 1C). This
homing can be inhibited by the free RGD-
4C peptide (10), but not by the CNGRC
peptide, even when this peptide was used in
amounts 10 times those that inhibited the
homing of the NGR phage (Fig. 1D). Tumor
homing of the NGR phage was also partially
inhibited by the RGD-4C peptide (Fig. 1E),
but this peptide was only 10 to 20% as
potent as CNGRC. An unrelated cyclic pep-
tide, GACVFSIAHECGA, had no effect on
the tumor-homing ability of either phage
{12). Thus, our in vivo screenings yielded
two peptide motifs, RGD-4C and NGR,
both of which had previously been reported

B C

breast carcinoma  xenografts.
Phage [10° transducing units (TU)]
was injected into the tail vein of
mice bearing size-matched MDA-
MB-435 —derived tumors (~1 cm?)
and recovered after perfusion.
Mean values for phage recovered
from the tumor or control tissue
(brain) and the SEM from triplicate

105 TU per gram of tissue

platings are shown. (A) Recovery of 0% peptide CNGRC  ° No peptide CGSLVRC "

CNGRCVSGCAGRC phage from

tumor (solid bars) and brain (striped bars), and
inhibition of the tumor homing by the soluble
peptide CNGRC. (B) Recovery of CGSLVRC
phage and inhibition of tumor homing by the
soluble peptide CGSLVRC. (C) Recovery of
RGD-4C phage {positive control) and un-
selected phage fibrary mix {negative control).
(D) Increasing amounts of the CNGRC soluble
peptide were injected with the RGD-4C
phage. (E) Increasing amounts of the RGD-4C
soluble peptide were injected with the NGR
phage. Inhibition of the CNGRCVSGCAGRC
phage homing by the CNGRC peptide is
shown in (A); inhibition of the RGD-4C phage
by the RGD-4C peptide has been reported (70).
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to 'bind to integrins (9, 11). The affinity of
NGR for integrins is about three orders of
magnitude less than that of RGD peptides
(7, 11). Nevertheless, the homing ratio {tu-
mor/control organ) of the phage displaying
the NGR motif was three times that of the
RGD-4C phage (12). This discrepancy in
activities, and the cross-inhibition results de-
scribed above, strongly suggest that the NGR
and RGD-4C peprides bind to different re-
ceptors in the tumors.

We next studied phage homing to tumors
by immunostaining (Fig. 2). In one set of
experiments (13), phage was allowed to cir-
culate for 3 to 5 min, followed by perfusion
(10) and immediate tissue recovery. In the
second set, tissues were analyzed 24 hours
after phage injection, when there is almost
no phage left in the circulation (10). Strong
phage staining in tumor vasculature, but not
in normal endothelia, was seen in the short-
term  experiments  with CNGRCVSG-
CAGRC phage in MDA-MB-435 cell-de-
rived human breast carcinoma xenografts
(Fig. 2A) and SLK cell-derived human Ka-
posi’s sarcoma xenografts (Fig. 2B). The two
other NGR phages, NGRAHA and CVLN-
GRMEC, also showed strong tumor staining
(12), whereas a control phage showed no
staining (Fig. 2, E and F). At 24 hours, the
staining pattern indicated that the NGR
phage had spread outside the blood vesscls
and into the tumors (Fig. 2, C and D). This
spreading may be attributable to increased
permeability of tumor blood vessels (14) or
uptake of the phage by angiogenic endothe-
lial cells (15) and subsequent eransfer to
twnor tissue.

The CNGRCVSGCAGRC  phage
showed the greatest tumor selectivity among
all the peptides analyzed. Several control
organs showed very low or no immunostain-
ing, confirming the specificity of the NGR
motif for tumor vessels; heart (Fig. 2G) and
mammary gland (Fig. 2H) arc shown (16).
Spleen and liver, which are part of the re-
ticuloendothelial system (RES), contained
phage; uptake by the RES is a general prop-
erty of the phage particle and is independent
of the peptide it displays (10, 17). These
immunostaining results with the NGR phage
are similar to observations made with the
RGD-4C phage (10).

To determine whether the tumor-homing
peptides RGD-4C and CNGRC could be
used to improve the therapeutic index of
cancer chemotherapeutics, we coupled them
to doxorubicin (dox) (18). Dox is onc of the
most frequently used anticancer drugs and
one of a few chemotherapeutic agents
known to have antiangiogenic activity (19).
The dox-peptide conjugates were used to
treat mice bearing tumors derived from hu-
man MDA-MB-435 hreast carcinoma cells.

The commonly used dose of dox in nude

mice with human tumor xenografts is 50 to
200 pg/week (20). Because we expected the
dox conjugates to be more effective than the
free drug, we initially used the conjugates at a
dose of dox-equivalent of only 5 pgfweek
(13, 21). Tumor-bearing mice treated with
RGD-4C conjugate outlived the control
mice, all of which died from widespread dis-
ease (Log-Rank test, P < 0.0001; Wilcoxon
test, P = 0.0007) (Fig. 3A). In a dose-esca-

lation experiment, tumor-bearing mice were

treated with the dox-RGD-4C conjugate at
30 pg of dox-equivalent every 21 days for 84
days and were then observed, without further
treatment, for an extended period of time.
All of these mice outlived the dox-treated
mice by more than 6 months, suggesting that
both primary eumor growth and metastasis
were inhibited by the conjugate. Many of the
tumors in the mice that received the dox-
RGD-4C conjugate (30 pg of dox-equivalent
every 21 days) showed marked skin ulcer-

Fig. 2. immunohistachemical staining of phage after intravenous injection into tumor-bearing mice.
Phage displaying the peptide CNGRCVSGCAGRC (A to D, G, and H} or control phage with no insert (E
and F) were injected intravenously into mice bearing MDA-MB-435-derived breast carcinoma (A, C,
and E) and SLK-derived Kaposi's sarcoma (B, D, and F) xenografts. Phage was allowed to circulate for
4min (A, B, E, and F} or for 24 haurs (C, D, G, and H). Tumors and control organs were removed, fixed
in Bouin solution, and embedded in paraffin for preparation of tissue sections. An antibody to M-13
phage (Pharmacia)} was used for the staining. Heart (G) and mammary gland (H) are shown as controt
organs (16). Arrows point to blood vessels. Scale bar in (A}, 5 wm.
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. ariom and tumor necrosis, whereas these signs
were not observed in any of the control
groups. At necropsy, the mice treated with
the dox-RGD-4C conjugate had significantly
smaller tumors (¢ test, P = 0.02), less spread-
ing to regional lymph nodes (P < 0.0001),
and fewer pulmonary metastases (P <
0.0001} than did the mice treated with free
dox (Fig. 3, B to D). Similar results were
obrained in five independent experiments.
Histopathological analysis revealed pro-
nounced destruction of the tumor architec-
ture and widespread cell dearh in the tumors
of mice treated with the dox-RGD-4C con-
jugate; tumors treated with free dox at this
dosc were only minimally affected. In con-
trast, the dox-RGD-4C conjugate was less
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toxic to the liver and heart than was free dox
(Fig. 3E). In some experiments, dox together
with unconjugated soluble peptide was used
as a control; the drug-peptide combination
was no more effective than free dox (12).

To assess toxicity, we used 200 pg of
dox-equivalent in mice with large (~5 cm?),
size-matched tumors (I3, 21). Mice treated
with the dox-RGD-4C conjugate survived
more than a week, whereas all of the dox-
treated mice died within 48 hours of drug
administration (Fig. 3F). Accumulation of
dox-RGD-4C within the large tumors thus
appeared to have sequestered the conjugated
drug, thereby reducing its toxicity to other
tissues.

Less extensive data with the CNGRC

peptide conjugate indicated an efficacy sim-
ilar to that of the RGD-4C conjugate. In all
experiments, tumors treated with the dox-
CNGRC conjugate were one-fourth to one-
fifch as large as tumors treared in the control
groups (Fig. 4A). A marked reducrion in
metastasis and a prolongation of long-term
survival were also seen (Log-Rank test, P =
0.0064; Wilcoxon test, P = 0.0343) {(Fig.
4B). Two of the six dox-CNGRC—treated
animals were still alive more than 11 weeks
after the last of the control mice died. The
dox-CNGRC conjugate was also less toxic
than the free drug (Fig. 4C). CNGRC pep-
tide alone failed to reproduce the effect of
the conjugate, even in doses up to 150 pgf
week. Unconjugated CNGRC<dox mixture
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Flg. 3. Treatment of mice bearing MDA-MB-435 - derived breast carcinomas
with dox-RGD-4C peptide conjugate. Mice with size-matched tumors (~1
cm3) were randomized into four freatment groups (five animals per group):
vehicle only, free dox, dox-controt peptide (GACVFSIAHECGA; dox-ctrl pep},
and dox-RGD-4C conjugate. (A} Mice were treated with 5 pg/week of dox-
equivalent. A Kaplan-Meier survival curve is shown. (B 1o D) Mice were treated
with 30 pg of dox-equivalent every 21 days. The animals were killed, and
tumors (B}, axillary lymph nodes (C}, and lungs (D) were weighed after three
treatments. (E) Histopathological analysis (hematoxylin and eosin stain} of
MDA-MB-435 tumors, liver, and heart treated with dox or dox-RGD-4C con-
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jugate. Vascular damage was observed in the tumors treated with dox-RGD-
4C conjugate {arrows, lower left panel), but not in the tumors treated with free
dox (arrows, upper left panef). Signs of toxicity were seen in the liver and heart
of mice treated with dox {arrows, upper middle and upper right panels), where-
as the blood vessels were relatively undamaged in the mice treated with the
dox-RGD-4C conjugate. The changes were scored blindly by a pathologist:
representative micrographs are shown. Scale bar, 7.5 pm. {F} Mice bearing
large {~5 cm?) MDA-MB-435 breast carcinomas (four animals per group) were
randomized to receive a single dose of free dox or dox-RGD-4C conjugate at
200 n.g of dox-equivalent per mouse. A Kaplan-Meier survival curve is shown.
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was no different from dox alone. The dox-
CNGRC conjugates were also effective
against xenografts derived from another hu-
man breast carcinoma cell line, MDA-MB-
231 (12).

We expect the NGR and RGD-4C motifs
to target human vasculature as well, because
(i) the NGR phage binds to blood vessels of
human tumors and less so than to vessels in
normal tissue (22), and (ii) the RGD-4C
peptide binds to humdn ., integrins (9, 10),
which are known to be selectively expressed
in human tumor blood vessels (23). Thus,
these peptides are potentially suitable for
tumor targeting in patients. The RGD-4C
peptide is likely to carry dox into the tumor
vasculature and also to the tumor cells them-
selves, because the MDA-MB-435 breast
carcinoma expresses o, integrins (10). Be-
cause many human tumors express the e,
integrins (23), our animal model is a reason-
able mimic of the situation in at least a
subgroup of cancer patients. The targeting of
drugs into tumors is a new use of the selec-
tive expression of w, integrins and other
receptors in tumor vasculature. The effec-
tiveness of the CNGRC conjugate may be
derived entirely from vascular targeting be-
cause the NGR peptides do not bind to the
MDA-MD-435 cells (12).

The tumor vasculature is a particularly
suitable target for cancer therapy because it
is composed of nonmalignant endothelial
cells that are genetically stable and therefore

380

alent per mouse. A Kaplan-Meier survival
curve is shown.

unlikely to mutate into drug-resistant vari-
ants (24). In addition, these cells are more
accessible to drugs and have an intrinsic
amplification mechanism; it has been esti-
mated that elimination of a single endothe-
lial cell can inhibit the growth of 100 tumor
cells (24). New targeting strategies, includ-
ing the ones described here, have the poten-
tial to markedly improve cancer treatment.
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Chemotherapy targeted to tumor vasculature
Wadih Arap, MD, PhD, Renata Pasqualini, PhD, and Erkki Ruoslahti, MD, PhD

Vasculature-targeted chemotherapy—the destruction of tumor
blood vessels with cytotoxic agents—makes use of biochemical
differences between angiogenic and resting blood vessels.
This approach may minimize or eliminate some of the problems
associated with conventional solid-tumor targeting, such as
poor tissue penetration and drug resistance. Experiments with
antiangiogenic and thrombotic factors have shown that elimi-
nating tumor blood supply has dramatic antitumor effects in
mice. Targeting chemotherapeutic agents to the tumor vascu-
lature combines the blood vessel destruction with the usual
antitumor activities of the drug, resulting in increased efficacy
and reduced toxicity in experiments with tumor-bearing mice.
Human clinical trials, which are soon to follow, will determine
the final value of this approach.
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Systemic treatment of disseminated malignant tumors
relies on cytotoxic chemotherapy. The currently used
chemotherapeutic agents, however are the drugs with the
narrowest therapeutic indices in all medicine. Thus, the
dose of anticancer agents is restricted by their nonselec-
tive toxic effects on normal tissues. Selective delivery of
cytotoxic drugs into malignant tumors may overcome
these limitations. Even highly toxic agents could be
rendered safer and more effective if it were possible to
direct them only into the tumor, because high drug
concentrations within the tumor could be obtained while
sparing the normal tissues. Although achieving these goals
has been a long-standing goal of cancer biology and
medical oncology, there are only a few situations in which
targeted drug delivery is possible. Monoclonal antibodies
against tumor antigens have provided the existing target-
ing opportunities [1,2]. However, this approach has met
with limited success; only a few tumor antigens are
known and their expression on the cells within an individ-
ual tumor is not necessarily uniform. Moreover, antibod-
ies against tumor antigens penetrate poorly into solid
tumors [3-5]. Finally, because tumor cells are genetically
unstable and mutations advantageous for growth accumu-
late readily, antibody-targeted treatments may be
thwarted by clonal selection for cells that have lost the
tumor antigen [6]. The targeting of therapies to the vascu-
lature of tumors [7-9] overcomes some of the problems of
conventional tumor targeting. We review some of the
recent developments in this field.

Rationale for targeting of tumor vasculature

It is now widely recognized that the growth and metasta-
sis of malignant tumors depends on angiogenesis; a tumor
cannot grow beyond the size of about 1 mm in diameter
without acquiring new blood vessels to nurture it [10].
The vasculature within tumors is distinct [10-12],
presumably because tumor vessels growing actively match
the growth of the tumor.

The activated cells in the tumor neovasculature express
molecules characteristic of angiogenic vessels [11-13].
These angiogenic markers offer targets for guided
chemotherapy. Figure 1 shows the principle of targeting
chemotherapy to tumor blood vessels. Vascular targeting
has several advantages over targeting tumor cells them-
selves (Table 1). The endothelial lining of tumor vascula-
ture is readily accessible to a circulating probe. In contrast,
a tumor-targeting probe has to diffuse over long distances,
penetrate among closely packed tumor cells and dense
tumor stroma, and overcome the high interstitial pressure
typical of solid tumors [3-5]. Because tumor cells depend




Fig. 1. The principle of chemotherapy targeted to tumor vasculature. A, Tumors
are dependent on the formation of new blood vessels for growth. B, Normal
vasculature (feft) is morphologically different from tumor vasculature (right), which
contains angiogenic markers. C, Drugs can be targeted to the angiogenic recep-
tors in tumor blood vessels.

on their blood supply for survival, an antitumor therapy
directed against the vasculature does not have to destroy
every endothelial cell; partial denuding of the endothe-
lium is likely to lead to the formation of an occlusive
thrombus that will stop flow to the part of the tumor
served by the vessel [8]. Moreover, targeting tumor vascu-
lature, unlike conventional tumor targeting, possesses an

Table 1
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intrinsic amplification mechanism; it has been estimated
that 100 tumor cells should die for each destroyed
endothelial cell in tumor blood vessels [7,8,10]. Finally,
because tumor endothelial cells are diploid and nonmalig-
nant, they are unlikely to lose a cell-surface target receptor
or acquire drug resistance through mutation and clonal
evolution [14]. It has been long recognized by oncologists
that although tumors commonly develop resistance to
chemotherapy, normal tissues do not. Thus, toxicity to
normal tissues, such as chemotherapy-induced myelosup-
pression, continues to occur even after tumor cells have
become drug resistant and progress in the face of contin-
ued treatment. Endothelial cells, being nonmalignant
cells, are expected to behave in a manner analogous to
bone marrow cells. Recent studies provide support for this
prediction. Thus far, long-term antiangiogenic therapy has
not resulted in drug resistance in either experimental
animals [15%¢] or in clinical trials [10].

Effects of occluding tumor vasculature in
experimental models

In one system, endothelial cells within transplanted
mouse neuroblastoma cells were induced to express
major histocompatibility complex class II antigens and
the major histocompatibility complex antigens were then
used to target a truncated tissue factor into the tumors
[16%¢]. The truncated tissue factor lacked a membrane
attachment region and was unable to trigger blood clot-
ting at normal endothelium, but did so when bound
through an antibody to the major histocompatibility class
II-expressing endothelial cells in the tumors. Selective
thrombosis in the tumor vasculature resulted in complete
tumor regression. A vascular shutdown with similar
results has also been accomplished by destroying the
tumor endothelial cells with a ricin A~chain immuno-
toxin [17]. Although no naturally occurring endothelial
targets exist for the probes used in these experiments,
the results show that occluding tumor vasculature can
have a dramatic antitumor effect. Application of such
strategies will require specific markers in the blood
vessels of human tumors.

Comparison between conventional tumor targeting and vascular tumor targeting

Feature Conventional tumor targeting

Vascular tumor targeting

Pharmacokinetic system Multiple compartments

Single-compartment

Primary target cell type

Target cell accessibility

Receptor

Receptor expression

Homing moiety

Therapeutic moiety

Target cell genome

Acquired cytotoxic drug resistance
Posttargeting amplification loop
Complete elimination of target cell
Potential clinical applicability

Malignant tumor cells

Poor

Tumor antigen

Uneven and heterogeneous
Monoclonal antibodies
Cytotoxic drugs
Genetically unstable cells
Yes

Absent

Required

Limited by antigen heterogeneity

Non-malignant activated tumor vascular cells
Good

Angiogenic marker

Possibly uniform and homogeneous
Monoclonal antibodies, peptides

Cytotoxic drugs, angiogenesis inhibitors
Genetically stable, diploid cells

Not yet reported

Present

Not required

Broad, as angiogenic markers may be shared
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Molecular targets in angiogenic tumor
vasculature

Vascular targets arc not necessarily limited to endothelial
cells; pericytes, smooth muscle cells, macrophages [13],
and perhaps even cells derived from circulating endothe-
lial ccll precursors [18¢] are also important elcments in
tumor blood vessels.

Among thc many molecules that are selectively expressed
in angiogenic vasculature, integrins show particular
promisc in tumor targeting. Saiki ¢z «/. [19] were the first
to report that peptides containing the integrin rccognition
sequence arg-gly-asp (RGD) [20] can inhibit tumor angio-
genesis. More recent studies have shown that the avB3
and awvB5 integrins arc upregulated in angiogenic tumor
endothelial cells [21], and that the inhibition of o inte-
grins by antibodies [22], cyclic RGD peptides [22,23], and
RGD peptidomimetics [24] can block ncovasculariza-
tion. To what cxtent the av integrins are restricted to
sites of angiogcnesis remains to be analyzed in detail:
ovP5 integrin expression has been reported in the thymic
vasculature [25]. The Bl integrins a1l and 02B1 may
also be important in angiogenesis [26], but their expres-
sion levels have not thus far been reported to be upregu-
lated in tumors.

Endothclial-specific receptor tyrosine kinases and their
ligands are also of interest for vascular targeting. One
such family is the vascular endothelial growth factor
(VEGF) receptors [27], which play a critical role in angio-
genesis [28-30] and arc expressed at elevated levels in
tumor blood vessels [31]. The receptors FLT-1 (VEGF
receptor-1) and KDR/FLK-1 (VEGF-2) are expressed in
endothelial cclls of blood vessels [27], whereas the
expression of FL'T-4 (VEGF receptor-3) [32ee] is
restricted to lymphatic endothelium [33]. The Tic
family—another class of tyrosine kinasc rcceptors
expresscd almost exclusively in endothelial cclls—and
their ligands also have an essential role in vascular devel-
opment [28,29]. The enhanced expression of the Tic
receptors (Tie-1 and Tie-2/Tck) in the blood vessels of a
variety of cancers provides novel markers for tumor
vasculature [30,34].

Other promising marker candidates of the tumor vascula-
ture include CD34, collagen type VIII, endosialin,
endoglin, aminopeptidasc A, high molccular weight
melanoma-associated molccule, ostcosarcoma-related
protein, and angiomodulin (for original references and
additional markers, sce Burrows and Thorpe [8], Fox and

Harris [11], and Molema ez a/. [12)).

Vascular targeting through known receptors
and nonspecific tumor endothelium targeting
Oncofetal fibronectin is an alternatively spliced form of
fibronectin present in angiogenic but not in mature blood
vessels. A human antibody that rccognizes this protein

has been shown to accumulate in the vasculature of 179-
cell murine teratocarcinomas [35¢]. Unlike antibodics
produced in rodents, which are immunogenic in paticnts,
the antifibronectin antibodics used by Neri er a/. [35¢]
were isolated from a phage library that expresses human
antibodics that arc not likely to be immunogenic in
paticnts. It remains to be seen whether these special
antifibronectin antibodics could deliver drugs into
tumors.

The VEGF rcceptor has been used in drug targeting. A
VEGF—-diphtheria toxin conjugate inhibited the growth of
tumor xenografts in nude mice significantly more than the
diphtheria toxin alone {36].

Radioimmunotherapy using *Bi or P! targeted to lung
vasculature with a monoclonal antibody against thrombo-
modulin has been reported [37). The therapeutic effects
of 2*Bi, which is an a-particlec emitter, were superior to
thosc of the B-particle emitter '*'T. Because thrombomod-
ulin is selectively expressed in the pulmonary blood
vesscls, the antibody homed to the lungs, resulting in
destruction of small tumor colonics along with collateral
damage to the normal lung vasculature. Targeting the
radioisotope to the tumor vasculature rather than to the
regional vasculature of the organ harboring the tumor
should improve this trcatment.

In yet another approach, cationic liposomes were used to
target angiogenic vasculature in mouse pancreatic islet
cell tumors. Confocal microscopy demonstrated a 15- to
33-fold morc uptake of the liposomes by angiogenic than
normal endothelial cclls [38]. Other types of liposomes
(ncutral, anionic, or sterically stabilized neutral liposomes)
had no such targeting ability. Thus, appropriatcly
designed liposomes can, at least in some cases, scrve as
selective targeting vehicles.

Vascular tumor targeting with in vivo phage
display

We have devised a novel strategy to identify peptides that
home to tumor vasculaturc. This method—in vivo sclee-
tion of peptides from phage display peptide librarics—
allows detection of circulating homing peptides without
any preconceived notions about the nature of their target
receptors. Once a receptor is identified as a target of a
homing peptide, it can be isolated and cloned using
biochemical methods.

Using the iz vivo phage sclection, we identified peptides
that selectively target normal organs. The organs we
targeted in this manner include the brain, kidney, lung,
skin, pancrcas, retina, intestine, uterus, prostate, and the
adrenal gland [39,40]. These results indicate that many,
perhaps all, organs modify the endothelium of their
vasculature in ways that allow differential targeting with
peptide probes.
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We also assembled a panel of peptide motifs that home
to tumor vasculature (Fig. 2). These include the
sequences CDCRGDCFC (termed RGD-4C), NGR, and
GSL [41e¢]. The RGD-4C peptide had been previously
identified as a selective binder of av integrins [20,42]
and shown to home to tumor vasculature, as well as to
cells in some human tumors [43¢]. The tumor homing is
possible because, as discussed previously, the avp3 and
o5 integrins are absent or expressed only at low levels
in normal endothelial cells but are induced in angiogenic
vasculature and in many human tumors. An RGD
peptide that binds selectively to a5p1 integrin shows no
tumor homing [43e].

A receptor for the RGD-4C peptide, the avp3 integrin,
plays an important role in angiogenesis [21] because
inhibiting its function with antibodies or RGD peptides
blocks angiogenesis [19,22,23]. We also identified candi-
date receptors for the NGR and GSL peptides and are
studying the function of these receptors in angiogenesis
(unpublished data).

We have used the peptides that home to tumor vascula-
ture to show that the cytotoxic drug doxorubicin coupled
to targeting peptides yields compounds that are more
effective and less toxic than doxorubicin alone [41%¢]. An
example of peptide-guided chemotherapy based on this
principle is shown in Figure 3. The RGD-4C peptide has
also been inserted into a surface protein of an adenovirus.
The resulting adenoviral vector showed promise in gene
therapy targeting [44].

We have also shown that our tumor-targeting peptides
bind to blood vessels in human tumors, but not in normal
tissues (Sakamoto e @/., Unpublished data). These data—
along with the fact that the candidate receptors identified
in mouse tumor vasculature have human homologues—

Fig. 2. Tumor-homing peptide carried by a phage homes to the blood vessels. A
mouse bearing an MDA-MB-435 breast carcinoma xenograft was injected intra-
venously with the peptide—phage; the tumor was recovered after 24 hours and
stained with antiphage antibodies. The phage is present in blood vessels.
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Fig. 3. Chemotherapy targeted to tumor vasculature. MDA-MB-435 breast carci-
noma xenografts in nude mice treated with doxorubicin (dox) {upper panels) or
doxorubicin-RGD-4C (dox-RGD-4C) (lower panels). The mice received three
treatments of 30 pg of doxorubicin-equivalent every 3 weeks. The tumor in the
mouse treated with the targeted drug shows macroscopic and microscopic signs
of necrosis.

indicate that our homing peptides would also home to
tumors in human patients.

Antiangiogenic and vascular targeting agents

It has been long recognized that chemotherapeutic agents
can damage the endothelium of normal and tumor blood
vessels [45]. Doxorubicin, paclitaxel [46], and a few other
cytotoxic chemotherapeutics have been found to inhibit
angiogenesis in addition to being selectively toxic to
tumor cells [10]. Our doxorubicin experiments [41ee] also
suggest that a conventional cytotoxic chemotherapeutic
drug can be adapted to become a vascular targeting agent.

Antivascular agents that act preferentially on angiogenic
tumor vessels have been developed in the past few years;
these include tubulin-binding agents such as combretas-
tatin A-4 [47] and drugs related to flavone acetic acid [48].
In addition, several angiogenesis inhibitors such as TNP-
470, thalidomide, carboxyaminotriazole, linomide,
pentosan polysulfate, tecogalan, 2-methoxy-estradiol, inter-
leukin-12, and metalloproteinase inhibitors are in preclini-
cal and clinical trials (for additional agents and references,
see Gasparini [49], Pluda [50], and Twardowski and
Gradishar [51]). Elucidating the mechanisms of action of
these drugs is likely to advance the understanding of angio-
genesis. Some of the antiangiogenesis drugs may be partic-
ularly suitable for targeting into tumor vasculature for an
enhanced effect and lower toxicity. Moreover, the new
targeting possibilities may make it useful to re-examine
compounds that have been discarded from clinical applica-
tion because of excessive toxicity.
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Relatively nontoxic protein inhibitors of angiogenesis
have also been discovered recently. These compounds
tend to be endogenous fragments of abundant blood or
tissue proteins. The two leading representatives are
angiostatin (a 38-kD fragment of plasminogen) [52] and
endostatin (a 20-kD fragment of collagen XVIII) [53¢],
but antiangiogenic fragments have also been obtained
from fragments of fibronectin, prolactin, thrombospondin,
SPARC (Secrcted Protein, Acidic and Rich in Cysteines),
platelet factor 4 (see Folkman [54] for original refer-
ences), and matrix metalloprotcase-2 [55¢]. Finally, the
hypoxic environment of solid tumors may render a combi-
nation of antiangiogenic therapy and hypoxia-selective
cytotoxins such as tiperazine [56] particularly effective.

The targeting of chemotherapeutic agents into tumor
vasculature would appear to offer the advantage over
antiangiogenic therapy that antiangiogenic cffects are
combined with direct cytotoxic antitumor effects. The
relative merits of the two approaches ultimately will have
to be determined in clinical trials, however.
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NGZ Proteoglycan-binding Peptides Target Tumor Neovasculature’
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ABSTRACT

NG2 is the rat homologue of the human melanoma proteoglycan, also
known as the high molecular weight melanoma-associated antigen. This
developmentally regulated membrane-spanning chondroitin sulfate pro-
teoglycan is expressed primarily by glial, muscle, and cartilage progenitor
cells. Upon maturation, these cell types down-regulate NG2 expression. In
adult animals, the expression of NG2 is restricted to tumor cells and
angiogenic tumor vasculature, making this proteoglycan a potential target
for directing therapeutic agents to relevant sites of action. To this end, we
have identified specific NG2-binding peptides by screening a phage-dis-
played random peptide library on purified NG2. Several rounds of bio-
panning on NG2 resulted in the specific enrichment of two phage-dis-
played decapeptides, TAASGVRSMH and LTLRWVGLMS. The binding
of these phages to NG2 was inhibitable both by soluble NG2 and by
glutathione S-transferase (GST) fusion proteins containing the cognate
peptide sequences. In addition, direct binding between GST-TAAS-
GVRSMH and GST-LTLRWVGLMS fusion proteins and NG2 was dem-
onstrated in solid-phase binding assays. Interestingly, these NG2-binding
fusion proteins cross-inhibited each other’s binding to NG2, suggesting
that the two sequences bind to the same or overlapping sites on the
proteoglycan. Upon injection into tumor-bearing mice, NG2-binding
phages specifically homed to tumor vasculature in wild-type mice but did
not localize to the tumor vasculature in NG2 knockout mice. The in vive
targeting capability of these sequences suggests that they can be used for
tumor targeting.

INTRODUCTION

Current anticancer strategies have been directed at the identification
and characterization of molecules that are preferentially expressed by
either tumor cells or cells of the angiogenic blood vessels associated
with the tumor. Once identified, these molecules serve as potential
targets for directing chemotherapeutic or immunotherapeutic agents to
tumor cells and/or their associated vasculature (1-7).

The rat proteoglycan NG2 (8) and its homologue, HMP* (9), are
possible targets for anticancer therapy. NG2/HMP is widely expressed
by several different tumors, including glioblastomas, chondrosarco-
mas, melanomas, and some leukemias (10-13). Numerous reports
have shown that NG2/HMP expression increases the proliferative
capacity of melanoma cells (14-17). Moreover, antibodies against
NG2/HMP inhibit melanoma cell growth both in vitro (15) and in vivo
(14-16). Recently, we have shown that transfection of NG2 into
NG2-negative B16F1 and B16F10 mouse melanoma cell lines in-
creases both the proliferative capacity of these cells in vitro and tumor
size in vivo (17). NG2 expression also increased lung colonization for
both B16F1 and B16F10 cells in experimental metastasis studies.
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Although the specific mechanism by which NG2 enhances the pro-
liferative and metastatic properties of these cells is unclear, associa-
tion of NG2 with known extracellular matrix ligands such as type VI
collagen (18-21) or cellular ligands such as CD44 and o,f3, integrin
(17, 22) and its ability to enhance cellular responses to at least one
growth factor, platelet-derived growth factor-AA (23, 24), appear to
be important in these processes.

NG2/HMP is also widely expressed by angiogenic blood vessels.
This is true not only for the expanding vasculature of normally
developing tissues (23) but also for the neovasculature found in tumor
stroma and in granulation tissue of healing wounds (12, 25, 26). In
contrast, NG2/HMP is not detectable in normal quiescent vasculature.
Immunohistochemical studies have suggested that NG2/HMP expres-
sion in neovasculature is limited to the neovascular pericytes (25, 26).
However, NG2/HMP expression by endothelial cells in developing
brain capillaries has also been reported (12, 23). Pericytes are inti-
mately associated with endothelial cells in developing vasculature
(27) and are thought to affect angiogenesis by regulating endothelial
cell proliferation, directing microvessel outgrowth, and stabilizing
capillary walls (27-30).

Because of the selective expression of NG2/HMP in tumor cells
and tumor vasculature, several groups have chosen this molecule as a
target for immunotherapy of cancer. An anti-NG2/HMP mAb-doxo-
rubicin conjugate was shown to suppress malignant melanoma growth
in a nude mouse model (31). Additionally, anti-NG2/HMP mAb-toxin
and !3'I-radiolabeled conjugates have been shown to have some
therapeutic value for patients with malignant melanoma (32, 33).
However, these trials have not been as successful as one might have
hoped. In general, antibody-based therapies are often found to have
limitations, mostly due to poor tissue penetration and unwanted im-
mune responses (3, 6, 34-37). The alternative approach of using small
peptides capable of targeting cells within tumor vasculature or stroma
may alleviate many of the problems associated with antibody-based
targeting strategies (2, 7, 37).

Phage display of random peptide libraries has proven to be suc-
cessful in the isolation of peptides capable of binding to integrins
(38-40), growth factor receptors (41), and other tumor cell-associated
proteins (42—44). Moreover, in vivo phage targeting has allowed us to
identify several peptides that home to vasculature of specific organs as
well as to tumor neovasculature (45-47). Here, we have used phage
display to isolate peptides that bind to the NG2 proteoglycan and
home to NG2-expressing tumor neovasculature.

MATERIALS AND METHODS

Materials. B16F10 mouse melanoma cells were obtained from the Divi-
sion of Cancer Treatment Tumor Bank, National Cancer Institute-Frederick
Cancer Research Facility (Frederick, MD). Rat antimouse CD31 antibodies
were obtained from PharMingen (La Jolla, CA). Rabbit antibodies against
NG2 have been described previously (23, 24).

Fuse5 vector and K91 bacterial strain were a gift from G. Smith (University
of Missouri-Columbia, Ref. 48). Construction of the random linear decapeptide
phage library has been described (39). The library titer was ~10'* TU/ml.

Isolation of NG2-binding Phages. A recombinant fragment of rat NG2
consisting of the NH,-terminal two-thirds of the extracellular domain
(NG2ECA3) was purified from transfected human embryonic kidney 293 cells
as described (21). Recombinant NG2A3 diluted in PBS (2 pg of NG2 per well)
was coated onto microtiter wells overnight at 4°C. Wells were blocked with
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2% PBS-BSA for 1 h at room temperature. For biopanning, phages (I X 10'!
TU) from a linear decapeptide phage library diluted in 2% BSA were added to
proteoglycan-coated wells and incubated for 2 h at room temperature. Wells
were washed with PBS containing 0.1% Tween 20 to remove unbound phages.
Bound phages were recovered by direct infection of wells with exponentially
growing K91kan bacteria, followed by phage amplification overnight at 37°C.
Amplified phages were then subjected to four subsequent rounds of selection
on NG2-coated wells. Phage binding was quantified by counting colonies from
aliquots of phage-infected bacteria removed from NG2-coated wells. Phages
were sequenced from randomly selected clones as described (39).

Binding of individual phage clones or an aliquot of unselected phage library
control to NG2A3 or BSA-coated contro! wells was performed as described
above using 1 X 10° input phages per well. For competition studies, phage
incubations were performed in the presence of increasing concentrations of
soluble NG2A3 or GST fusion proteins. Soluble GST alone was used as a
control in these competition experiments.

Solid-phase Binding Assays. GST fusion proteins containing the decapep-
tide inserts were constructed as described previously (47) and dissolved in PBS.
Briefly, peptide inserts were PCR-amplified from the phages using specific M13
primers. PCR products were then digested with BamHI and EcoRI and inserted
into the pGEX2TK vector. Fusion proteins were produced and purified according
to manufacturer’s instructions (Pharmacia, Buckinghamshire, England).

Solid-phase assays were performed as described previously (19). Briefly,
GST fusion proteins or GST alone (2 ug/well) were coated onto microtiter

Table 1 Selection of NG2-binding phage from a linear decapeptide phage library®
)i v v

TAASGVRSMH TAASGVRSMH (16) TAASGVRSMH (8)
LTLRWVGLMS LTLRWVGLMS (10) LTLRWVGLMS (7)
GGGTRAGMKY (2)

WGKIEDPLRA

AGQTLTASGD

DLLAVSWLRA

SAERGVVAMS

AIHSELMWYVS

FWTERAGWAY

MVWSKGPLFL

AGTRMSWEVL

VSRSSRWGSI

DAHVLVPRTP

AQGIVLQLAL

LSPLLSPATA

4 An aliquot (2 X 10'" TU) of a random linear decapeptide phage library was
biopanned on immobilized NG2A3 as described in “Materials and Methods.” Five
successive rounds of biopanning were performed. Shown are the peptide sequences from
the inserts displayed from the last three rounds of sclection. Numbers in parentheses are
the numbers of clones displaying the same sequence.
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Fig. 1. Phage attachment assay. Purified TAASGVRSMH (TAA) and LTLRWVGLMS
(LTL) phages or an unselected library mix (unamplified decapeptide library) were incubated
in NG2A3-coated (M) or BSA-coated (£) microtiter wells and bound phages were quantified
as described in “Materials and Methods.” Results are representative of three independent
experiments. Columns, means from triplicate platings; bars, SE. All differences are statistically
highly significant, as assessed by the Student’s ¢ test (P < 0.01).
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Fig. 2. Inhibition of phage binding by soluble NG2. Purificd TAASGVRSMH phage
(O and @) and LTLRWVGLMS phage (CJ and B) were incubated in NG2A3-coated wells
in the presence of the indicated concentrations of soluble NG2A3 (@ and B or soluble
GST (O and [J). Bound phages were quantificd as described above. Results are repre-
sentative of three independent experiments. Data points, means from triplicate platings of
duplicate wells; bars, SE.
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Fig. 3. Inhibition of phage binding by cognate sequences. Purified phages were
incubated in NG2A3-coated wells in the presence of the indicated concentrations of
GST-TAASGVRSMH fusion protein (O), GST-LTLRWVGLMS fusion protcin (M), or
GST alone (@), and phage binding was quantificd. Results are representative of three
independent experiments. Data points, means from triplicate platings of duplicate wells;
bars, SE. =, considered highly significant by the Student’s 7 test (P << 0.01). A, binding of
TAASGVRSMH phage. B, binding of LTLRWVGLMS phage.
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Fig. 4. Binding of NG2 to immobilized fusion
proteins. Purified NG2A3 was incubated in GST or ]
GST fusion protein-coated wells in the absence of

3
ONO M

no inhibitor

+GST-TAA
+GST-LTL

inhibitor (M) or after preincubation with 50 pg of
soluble GST (E), GST-TAASGVRSMH (@), or
GST-LTLRWVGLMS ([I). Binding of NG2A3
was determined as described in “Materials and
Methods.” Results are representative of three inde-
pendent experiments. Columns, means from tripli-
cate wells; bars, SE. *, considered significant by
Student’s ¢ test (P < 0.05); *#, considered highly
significant by Student’s ¢ test (P < 0.01). A, bind-
ing to GST-coated wells (GST). B, binding to GST-
TAASGVRSMH-coated wells (GST-TAA). C,
binding to GST-LTLRWVGLMS-coated wells
(GST-LTL).
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wells overnight at 4°C. Wells were blocked with 2% BSA-PBS and incubated
with soluble NG2A3 (1 pg/well) for 2 h at room temperature. After washing,
wells were incubated with an anti-NG2 polyclonal antibody followed by
washing and incubation with an '>*I-labeled goat antirabbit IgG. After a final
washing, bound radioactivity was determined using a gamma counter. For
competition studies, soluble NG2A3 was preincubated for 15 min with in-
creasing concentrations of soluble GST fusion proteins prior to incubation on
GST fusion protein-coated wells. Preincubation with GST alone served as a
control in these competition experiments.

In Vivo Phage Targeting. In vivo phage targeting was performed on
4 6-week-old NG2 knockout mice and control F, wild-type mice. Generation
and characterization of these mice has been previously described (49). For
tumor generation, B16F10 mouse melanoma cells were harvested from sub-
confluent cultures using nonenzymatic cell dissociation buffer (Life Technol-
ogies, Inc., Gaithersburg, MD). Cells (1 X 10° cells in 0.2 ml of DMEM) were
injected s.c. into the mouse right flank. Tumors were monitored between 10
and 20 days postinjection, and animals bearing tumors of ~1-2 cm in diameter
were selected for phage targeting.

Tumor targeting using phages was performed as described previously (46).
Briefly, phages (1 X 10°-1 X 10') were injected i.v. (lateral tail vein) into
anesthetized (0.017 ml per g of Avertin) mice and allowed to circulate for 5
min. Mice were then perfused through the heart with 5 ml of DMEM. Tumors
and brains were removed and weighed. Tissues were homogenized in DMEM
containing protease inhibitors (45), and phages were rescued and quantified
from these tissues as described (45, 46).

Immunohistochemistry. For immunohistochemistry, B16F10 tumors
were grown in NG2 knockout and F; control mice as described above.
Tumors were removed and fresh-frozen, and 25-um sections were cut on a
cryostat. Tumor vascularization was visualized using a mixture of a rat
antimouse CD31 mAb (Pharmacia) and anti-NG2 polyclonal antibodies.
Secondary staining was performed with FITC-conjugated antirabbit immu-
noglobulin and rhodamine isothiocyanate-conjugated antirat immunoglob-
ulin antibodies (Biosource International, Camarillo, CA). Confocal images
were obtained using a Zeiss LSM 410 laser scanning confocal microscope
(Carl Zeiss, Thornwood, NY).

RESULTS

Isolation of NG2-binding Phages. To identify peptide motifs ca-
pable of interacting with NG2, we coated recombinant NG2 fragments

GST

GST-TAA - GST-LTL
consisting of the NH,-terminal two-thirds of the extracellular domain
of the proteoglycan (NG2A3) onto microtiter wells and used them to
select phage clones from a random decapeptide phage display library.
Bound phages were isolated and used for successive rounds of pan-
ning on the proteoglycan. Random clones were sequenced from
rounds II-V. Sequence analysis from the final three rounds of panning
(Table 1) indicates the specific enrichment of two decapeptide se-
quences, TAASGVRSMH and LTLRWVGLMS. These sequences
first appeared in round I and III and became the exclusive motifs
bound to NG2 in the subsequent rounds of selection.

Binding Characteristics of the TAASGVRSMH and LTLR-
WVGLMS Phages. Phages displaying TAASGVRSMH or LTLR-
WVGLMS were tested individually for their ability to bind to
NG2A3-coated wells. The results showed that both phages specifi-
cally bind to the proteogiycan. An equivalent number of control
phages from the unselected decapeptide phage library (Fig. 1) or
phages containing no peptide inserts (data not shown) showed negli-
gible binding to NG2. Moreover, binding of the TAASGVRSMH and
LTLRWVGLMS phages to BSA was minimal compared to their
binding to the proteoglycan.

To confirm the specificity of these interactions, we incubated
both species of NG2-binding phages with increasing concentra-
tions of soluble recombinant NG2A3 prior to incubation with
NG2A3-coated wells. The results show a dose-dependent inhibi-
tion of binding of both phage populations to the NG?2-coated
substratum (Fig. 2). As a control, preincubation of the two phage
species with GST did not inhibit binding to NG2A3. In addition,
the low level of binding of unselected phages to NG2A3 (as
illustrated in Fig. 1) was not affected by incubation with either
soluble NG2A3 or GST, confirming the nonspecific nature of this
binding (data not shown).

Inhibition of Phage Binding with Cognate Sequences. GST fu-
sion proteins containing the two NG2-binding motifs were con-
structed and tested for their ability to inhibit binding of phages to
NG2A3-coated wells. When TAASGVRSMH phages were allowed to
bind to NG2A3 coated wells in the presence of increasing concentra-
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Fig. 5. Homing of phages to tumor vasculature. Tumor (B16F10)-bearing NG2-null
(C) or F, wild-type (M) micc were injected i.v. via the tail vein with 10" TU of purified
RGD-4C, TAASGVRSMH, LTLRWVGLMS, or unsclected library mix (unamplified
decapeptide library) phages. Five min after injection, mice were perfused, and phages
were recovered from tumors and from brain as described in “Materials and Methods.”
Phage yields were quantified as the number of TU recovered per g of tissue. As a measure
of specific homing to tumors, results in the figure are expressed as a ratio of tumor homing
phages to brain homing phages. Results are representative of three independent experi-
ments. Colwmns, means from triplicate platings; bars, SE. All differences in A are
considered highly significant by Student’s ¢ test (P < 0.01). A, homing of NG2-binding
phages. B, homing of RGD-4C phages.

tions of the cognate fusion protein, a dose-dependent decrease in
binding was observed (Fig. 34). Interestingly, the binding of these
phages to NG2A3 was also inhibited by increasing concentrations of
GST-LTLRWVGLMS. In contrast, incubation of thc phages with a
control GST protein without a peptide insert did not significantly
inhibit binding.

A similar result was obtained when the binding of LTLRWVGLMS
phage was tested in the presence of increasing concentrations of GST
fusion proteins. Both fusion proteins inhibited the binding of this
phage species to NG2A3, whereas the control GST protein had no
significant effect on the binding (Fig. 3B).

Solid-phase Binding of GST Fusion Proteins to NG2. The abil-
ity of soluble NG2A3 to bind to GST, GST-TAASGVRSMH, and
GST- LTLRWVGLMS was tested by using a solid-phase assay. The
results indicate that the soluble proteoglycan binds much more effec-
tively to the immobilized fusion proteins than to GST alone (Fig. 4).
In addition, preincubation of NG2A3 with incrcasing concentrations
of GST-TAASGVRSMH resulted in a dose-dependent decrease in
binding of the proteoglycan to wells coated with this same fusion
protein (Fig. 4B). Preincubation of NG2A3 with increasing concen-
trations of GST-LTLRWVGLMS also inhibited binding of the pro-

teoglycan to wells coated with GST-TAASGVRSMH. These results
reinforce the notion that the two peptides bind to similar sites on NG2.
Both of the soluble fusion proteins also inhibited the binding of
NG2A3 to wells coated with GST-LTLRWVGLMS (Fig. 4C). In both
cases, preincubation of the proteoglycan with soluble GST failed to
give significant inhibition of binding to the GST fusion proteins (Fig.
4, B and (). In addition, the level of nonspecific binding of NG2A3
to GST alone was not further reduced by preincubation with GST or
GST fusion proteins (Fig. 44).

Tumeor Targeting in Vivo Using NG2-binding Phages. We were
interested in determining whether NG2-binding phages were capabic
of targeting NG2 within tumor vasculature. We compared the ability
of NG2-binding phages to home to the vasculature of B16 melanoma
xenografts growing in either wild-type or NG2-null mice. When an
equivalent number of NG2-binding phages were injected i.v. into the
two lines of tumor-bearing micc, both TAASGVRSMH and LTLR-
WVGLMS phages were found to home specifically to tumors of
NG2-expressing wild-type mice. In contrast, there was much less
homing to tumors established in NG2 null mice (Fig. 5A). In addition,
control phages did not show sclective accumulation to the tumors
established in either wild-type or NG2 knockout mice. In a scparate
experiment, tumor targeting phage previously shown to bind to a,
integrins (46) exhibited equivalent abilities to target tumors in wild-
type and NG2-null mice (Fig. 5B). This result indicates that the
homing of NG2-binding phages to tumors in wild-type mice is me-
diated by NG2 expression and is not due to other differences between
tumor vasculature of wild-type and NG2-null micc.

Immunohistochemical examination of the tumor vasculature in
wild-type mice showed NG2 expression was limited to vascular
pericytes, which were abluminally associated with CD31-positive
endothelial cells (Fig. 6, A—C). NG2-knockout mice exhibited no NG2
immunoreactivity but showed normal CD31-positive endothelial cell
staining (Fig. 6, D-F). No other major difference between vasculature
of B16 tumors grown in wild-type and NG2 knockout mice was
observed.

DISCUSSION

Here, we have described the use of phage display to identify two
novel peptide ligands for the NG2 proteoglycan. These decapeptides
compete with one another for binding to NG2, suggesting that they
recognize the same or overlapping sites on the proteoglycan. The two
sequences are clearly different but may act as mimotopes of cach
other on the basis of small areas of similarity (VR versus LR, SM
versus MS, and ASG versus LTL). Database scarches revealed no
significant similarities between the two decapeptide sequences and
known ligands for the proteoglycan (17, 19, 21). They, therefore,
represent either novel ligands or mimotopes of sequences present in
previously characterized ligands.

Both of the NG2-binding sequences are ablc to direct the homing of

peptide-bearing phages to the NG2-positive ncovasculature of mcla-
noma xenografts in mice. Significantly, this tumor homing is greatly
reduced in NG2-null mice, illustrating the importance of NG2 as the
target molecule. In wild-type mice, we were able to localize NG2
expression to pericytes in the angiogenic vasculature of the xe-
nografts. This agrees with earlier reports of NG2 localization in tumor
vasculature (25, 26). Because the phages are relatively large particles
and not likely to be able to penetrate an intact endothclial layer in the
short time we used for the homing, our results show that pericytes in
tumor vessels are accessible to circulating probes. The reason for this
may be that tumor vessels are “leaky” (50-52). The localization and
accessibility of NG2 on pericytes suggest the potential use of NG2-
homing sequences for targeting delivery of therapeutic agents to
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Fig. 6. Immunohistochemical analysis of tumor vasculature in NG2-knockout and wild-type mice. Cryostat sections prepared from B16F10 tumors isolated from NG2-knockout
(D-F) or F; wild-type (A-C) mice were double labeled with a polyclonal antiserum directed against NG2 (4 and D) and a rat mAb against CD31 (B and E). Sections were then stained
with fluorescein-conjugated goat antirabbit and rhodamine-conjugated goat antirat secondary antibodies, and confocal images through a single section were obtained. Superimposition
of confocal images reveals NG2 expression on pericytic cells abluminally apposed to CD31-positive endothelial cells in wild-type mice (C). No NG2 expression was observed in the
tumor vasculature of the NG2 knockout mouse (D and F). Note that the B16 cells themselves are NG2 and CD31 negative and do not contribute to the staining pattern. Scale bar (D),

10 pum.

tumors. Several reports have suggested that pericytes play an impor-
tant role in controlling endothelial cell proliferation and stabilization
during angiogenesis (27-30). Thus, anticancer strategies based on the
targeting of pericytes in angiogenic vasculature may complement
approaches based on endothelial cell targeting. Because NG?2 is also
expressed by the tumor cells themselves in many types of tumors
(10-13), the NG2-binding peptides could deliver therapeutics to the
tumor cells themselves in addition to targeting tumor vasculature. The
small peptides may prove superior to antibodies in terms of penetra-
tion into tumors. Future studies will evaluate the relative merits of
peptides and antibodies as targeting vectors for NG2.

Specific targeting of tumor vasculature or combined targeting of
vasculature and tumor cells offers several advantages over therapies
that are strictly tumor-directed. Probes that target tumor cells them-
selves are limited by both the heterogeneous expression of tumor
antigens within the tumor, as well as by the high rate of tumor cell
mutation (1, 2, 6, 53). In contrast, cells that comprise tumor vascula-
ture are nonmalignant, relatively homogenous cell populations. The
development of resistance to chemotherapy resulting from the high
rate of tumor cell mutations is also circumvented by targeting normal
cells of the tumor vasculature (54-56).

Finally, the NG2-binding peptides may allow us to identify addi-
tional physiological ligands for NG2. Such insights may help eluci-
date the role of NG2 during development and in pathological condi-
tions. NG2 expression has been found to affect cellular responses to
platelet-derived growth factor-AA and cellular interactions with ex-
tracellular matrix components (18, 20, 23, 24). In addition, the ex-
pression of NG2 increases the malignant potential of tumor cells (17).
These findings suggest that NG2 may play a functional role in
angiogenesis and tumor development. The peptides we have isolated
in this work may prove to be useful probes for analyzing these
functions.
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We have designed short peptides composed of two functional domains, one a tumor blood ves-
sel ‘/homing’ motif and the other a programmed cell death-inducing sequence, and synthesized
them by simple peptide chemistry. The ‘homing’ domain was designed to guide the peptide to
targeted cells and allow its internalization. The pro-apoptotic domain was designed to be non-
toxic outside cells, but toxic when internalized into targeted cells by the disruption of mitochon-
drial membranes. Although our prototypes contain only 21 and 26 residues, they were
selectively toxic to angiogenic endothelial cells and showed anti-cancer activity in mice. This ap-

proach may yield new therapeutic agents.

Tumor cell survival, growth and metastasis require persistent
new blood vessel growth'? (angiogenesis). Consequently, a
strategy has emerged to treat cancer by inhibiting angiogenesis*.
Peptides have been described that selectively target angiogenic
endothelial cells*®. Conjugates made from these peptides and
the anti-cancer drug doxorubicin induce tumor regression in
mice with a better efficacy and a lower toxicity than doxoru-
bicin alone®. There is also a functional class of cell death-induc-
ing receptors, or ‘dependence receptors’, which have embedded
pro-apoptotic amino-acid sequences®'. These peptide domains
are required for apoptosis induction by these receptors. The
peptide fragments are thought to be released into the cytosol as
cleavage products of caspase proteolysis, where they induce or
potentiate apoptosis through unknown mechanisms®.
However, such peptides, and structurally similar pro-apoptotic
antibiotic peptides, although they remain relatively non-toxic
outside of eukaryotic cells, induce mitochondrial swelling and
mitochondria dependent cell-free apoptosis'®'’.

There are more than 100 naturally occurring antibiotic pep-
tides, and their de novo design has received much attention'>™,
Many of these peptidesare linear, cationic and a-helix-forming.
Some are also amphipathic, with hydrophobic residues distrib-
uted on one side of the helical axis and cationic residues on the
other'. Because their cationic amino acids are attracted to the
head groups of anionic phospholipids, these peptides preferen-
tially disrupt negatively charged membranes. Once electrostati-
cally bound, their amphipathic helices distort the lipid matrix
(with or without pore formation), resulting in the loss of mem-
brane barrier function'¢, Both prokaryotic cytoplasmic mem-
branes and eukaryotic mitochondrial membranes (both the
inner and the outer) maintain large transmembrane potentials,
and have a high content of anionic phospholipids, reflecting
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the common ancestry of bacteria and mitochondria’*". In con-
trast, eukaryotic plasma membranes (outer leaflet) generally
have low membrane potentials, and are almost exclusively com-
posed of zwitterionic phospholipids'®®**. Many antibacterial
peptides, therefore, preferentially disrupt prokaryotic mem-
branes and eukaryotic mitochondrial membranes rather than
eukaryotic plasma membranes.

If such nontoxic peptides were coupled to tumor targeting
peptides that allow receptor-mediated internalization, the
chimeric peptide would have the means to enter the cytosol of
targeted cells, where it would be toxic by inducing mitochon-
drial-dependent apoptosis’®*'. Thus, we designed targeted pro-
apoptotic peptides composed of two functional domains. The
targeting domain was designed to guide the ‘homing’ pro-
apoptotic peptides to targeted cells and allow their internaliza-
tion®**??, The pro-apoptotic domain was designed to be
non-toxic outside of cells, but toxic when internalized into tar-
geted cells by the disruption of mitochondrial membranes.

Design of the pro-apoptotic peptide

A computer-generated model and the sequence of one of our
prototypes are shown in Fig. 1. For the targeting domain, we
used either the cyclic (disulfide bond between cysteines)
CNGRC peptide (Fig. 1) or the double-cyclic ACDCRGDCFC
peptide (called RGD-4C), both of which have ‘tumor-homing’
properties®® and for which there is evidence of internaliza-
tion®*?2, We synthesized this domain from all-L amino acids
because of the presumed chiral nature of the receptor interac-
tion. For the pro-apoptotic domain, we selected the synthetic
14-amino-acid peptide KLAKLAKKLAKLAK (Fig. 1), called
(KLAKLAK),, because it killed bacteria at concentrations 1% of
those required to kill eukaryotic cells’®. We used the all-D enan-
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Fig. 1 Computer-generated model and amino-acid sequence of CNGRC-
GGo(KLAKLAK),. This peptide is composed of a ‘homing’ domain (blue) and
a membrane-disrupting (pro-apoptotic) domain (red hydrophilic and green
hydrophobic residues), joined by a coupling domain (yellow).

tiomer p(KLAKLAK), to avoid degradation by proteases'**. This
strategy was possible because such peptides disrupt membranes
by chiral-independent mechanisms*?*. We coupled the target-
ing (CNGRC or RGD-4C) and pro-apoptotic p(KLAKLAK), do-
mains with a glycinylglycine bridge (Fig. 1) to impart peptide
flexibility and minimize potential steric interactions that
would prevent binding and/or membrane disruption.

D(KLAKLAK)2 disrupts mitochondrial membranes

We evaluated the ability of ,(KLAKLAK), to disrupt mitochondr-
ial membranes preferentially rather than eukaryotic plasma
membranes by mitochondrial swelling assays, in a mitochon-
dria-dependent cell-free system of apoptosis, and by cytotoxic-
ity assays'. There was morphological evidence of damage to
mitochondrial membranes by electron microscopy. The peptide
p(KLAKLAK), induced considerable mitochondrial swelling at a
concentration of 10 uM (Fig. 2a). Mild swelling was evident
even at 3 uM (data not shown), 1% the concentration required
to kill eukaryotic cells (approximately 300 pM), as determined
by the lethal concentration required to kill 50% of a cell mono-
layer (LCs; Table 1). These results demonstrate that p(KLAK-
LAK), preferentially disrupts mitochondrial membranes rather
than eukaryotic plasma membranes. Moreover, the peptide acti-
vated mitochondria-dependent cell-free apoptosis in a system
composed of mitochondria suspended in cytosolic extract'’, as
measured by characteristic caspase-3-processing from an inac-
tive zymogen to active protease® (Fig. 2b). A non-o-helix-
forming peptide, DLSLARLATARLAI (negative control), did not
induce mitochondrial swelling (Fig. 2a), was inactive in the cell-
free system (Fig. 2b) and was not lethal to eukaryotic cells®. We
also analyzed morphologic alterations in isolated mitochondria
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by electron microscopy. The peptide p(KLAKLAK), induced
abnormal mitochondrial morphology, whereas the control pep-
tide DLSLARLATARLAI did not (Fig. 2¢).

Targeted pro-apoptotic peptides induce apoptosis

We evaluated the efficacy and specificity of CNGRC-GG-
»(KLAKLAK), in KS1767 cells, derived from Kaposi sarcoma®**
(Fig. 3a-d), and MDA-MB-435 human breast carcinoma cells**
(Table 1). We used KS1767 cells because they bind the CNGRC
targeting peptide just as endothelial cells do. This may relate to
the endothelial origin of the KS1767 cells?’. We used MDA-MB-
435 cells as negative control cells because they do not bind the
CNGRC targeting peptide®. Although CNGRC-GG-,(KLAKLAK),
was considerably toxic to KS1617 cells, an equimolar mixture of
uncoupled CNGRC and ,(KLAKLAK), (negative control), or
o(KLAKLAK), alone, was much less toxic, indicative of a target-
ing effect (Table 1). In contrast, CNGRC-GG-p(KLAKLAK), was
not very toxic to MDA-MB-435 cells, which do not bind the
CNGRC peptide (Table 1). The other targeted peptide (RGD-4C)-
GG-p(KLAKLAK),, showed toxic effects similar to those of
CNGRC-GG-p(KLAKLAK), on KS1617 cells, whereas an equimo-
lar mixture of uncoupled RGD-4C and r(KLAKLAK),, used as a
negative control, was not very toxic (Table 1; Fig. 3c-d).

Although evidence for internalization of CNGRC and RGD-
4C into the cytosol of cells has been published**?'?, we directly
demonstrated internalization using biotin-labeled peptides.
CNGRC-biotin, but not untargeted CARAC-biotin, was inter-
nalized into the cytosol of cells (Fig. 3e-f). We also obtained di-
rect evidence for internalization from experiments based on cell
fractionation and mass spectrometry. CNGRC-GG-p(KLAK-
LAK),, but not CARAC-GG-,(KLAKLAK),, was indeed internal-
ized and could be detected in mitochondrial as well as cytosolic
fractions (data not shown).

Next, we evaluated the efficacy and specificity of CNGRC-
GG-p(KLAKLAK), in a tissue culture model of angiogenesis®.
During angiogenesis, capillary endothelial cells proliferate and
migrate'?. Cord formation is a type of migration that can be
studied in vitro by a change in endothelial cell morphology
from the usual ‘cobblestones’ to chains or cords of cells”. We
tested the effect of CNGRC-GG-p(KLAKLAK), on normal
human dermal microvessel endothelial cells (DMECs) in the
angiogenic conditions of proliferation and cord formation and
in the angiostatic condition of a monolayer maintained at
100% confluency.

The treatment of DMECs with 60 pM CNGRC-GG-,(KLAK-
LAK); led to a decrease in the percent viability over time com-
pared with that of untreated controls, in the conditions of
proliferation (Fig. 4a) or cord formation (Fig. 4b). In contrast,
treatment with the untargeted peptide ,(KLAKLAK), as a nega-
tive control led to a negligible loss in viability. Furthermore,

the LCy, for proliferating or mi-

grating DMECs treated with

Table 1 LCs, (uM) for eukaryotic cells treated with targeted pro-apoptotic peptides
DMEC
Angiostatic Angiogenic
Proliferation  Cord Form
4(KLAKLAK), 492 346 368
CNGRC-GG-p(KLAKLAK), 481 51® 34°

(RGD-4C)-GG-p(KLAKLAK), - - -

CNGRC-GG-p(KLAKLAK), was
10% of the LC,, for angiostatic
DMECs maintained in a mono-
layer at 100% confluency (Table

KS1767 MDA-MB-435

Proliferation  Proliferation
1). This result indicates that
fgf 3?3 CNGRC-GG-p(KLAKLAK),  Kills
100 4_5 cells in angiogenic but not an-

giostatic conditions. The LCs

Results are means of three independent experiments. “P<0.03, t-test.

for the wuntargeted control
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po(KLAKLAK), in angiogenic con-
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Fig.2 (KLAKLAK), disrupts mitochondrial membranes. a, ,(KLAKLAK), or Ca®
(positive control) induced mitochondrial swelling, whereas the non-a-helix-for-
mer DLSLARLATARLAI (negative control) did not, as shown by mitochondrial
swelling curves (optical absorbance spectrum). b, o(KLAKLAK), activates cell-free
apoptosis in a system composed of normal mitochondria and cytosolic extract,
but DLSLARLATARLAI does not. An immunoblot of caspase-3 cleavage from pro-
form (32-kDa) to processed forms (18- and 20-kDa) demonstrates a mitochon-
dria-dependent cell-free apoptosis (left margin, sizes). Results were reproduced
in two independent experiments. ¢, Morphologic alterations in isolated mito-

Cylosolic Extract  + + + +
Mitochondria - - + +
DLSLARL ATARLAI + - + -
D(KLAI'(LAK)2 - + - +

Proform
Caspase-3 32KDa

Processed 20 KDa —
Forms 18KDa —

chondria analyzed by electron microscopy. Mitochondria incubated for 15 min
with 3 uM DLSLARLATARLAI show normal morphology (left panels). In contrast,
mitochondria incubated for 15 min with 3 uM ((KLAKLAK), show extensive mor-
phological changes. The damage to mitochondria progressed from the stage of
focal matrix resolution (short black arrow), through homogenization and dilu-
tion of condensed matrix content with sporadic remnants of cristae (long black
arrows), to extremely swollen vesicle-like structures (thick black arrows; bottom
right, higher magnification); few mitochondria had normal morphology (open
arrows). Ultrathin sections are shown. Original magnification, x4,000-x40,000.

ditions was similar to the LCs, for CNGRC-GG-p(KLAKLAK),
under angiostatic conditions. An equimolar mixture of uncou-
pled H(KLAKLAK), and CNGRC, a non-targeted form CARAC-
GG-p(KLAKLAK),, and a ‘scrambled’ form, CGRNC-GG-p(KLAK-
LAK),, all gave results similar to those of p,(KLAKLAK),.

We also studied the mitochondrial morphology of DMECs in
the condition of proliferation, after treatment with 60 uM
CGRNC-GG-p(KLAKLAK), or untargeted ,(KLAKLAK),. The mi-
tochondria in intact DMECs treated for 24 hours with the

Fig. 3  CNGRC-GG-5(KLAKLAK), and
(RGD-4C)-GG-p(KLAKLAK), induce apop-
tosis. a, KS1767 cells treated with 100
pM of non-targeted CARAC-GG-p(KLAK-
LAK), (negative control) remain unaf-
fected after 48 h. b, KS1767 cells treated
with 100 uM of CNGRC-GG-,(KLAKLAK),
undergo apoptosis, as shown at 48 h.
Condensed nuclei and plasma mem-
brane blebbing are evident. ¢, KS1767
cells treated with 10 uM of an equimolar
mixture of (RGD-4C) and o(KLAKLAK),
(negative control) remain unaffected
after 48 h. d, KS1767 cells treated with
10 uM of (RGD-4C)-GG-p(KLAKLAK), un-
dergo apoptosis, as shown at 48 h.
Condensed nuclei and plasma mem- d
brane blebbing are evident. Scale bar

represents 250 um. e and f, KS1767 cells treated with 100 uM of
CNGRC-biotin (e) or CARAC-biotin (f) for 24 h and subsequently
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equimolar mixture CNGRC and (KLAKLAK), remained mor-
phologically normal (Fig. 4d), whereas those treated with
CGRNC-GG-p(KLAKLAK), showed altered mitochondrial moz-
phology, evident in approximately 80% of cells (Fig. 4e), before
the cells rounded-up. Ultimately, the DMECs treated with
CNGRC-GG-p(KLAKLAK), showed the classic morphological in-
dicators of apoptosis, including nuclear condensation and frag-
mentation, as seen at 72 hours (Fig. 4 f and g)(ref. 10).
Apoptotic cell death (Fig. 4g) was confirmed with an assay for

treated with streptavidin FITC demonstrate internalization of CNGRC-
biotin, but not CARAC-biotin, into the cytosol.
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Fig. 4 CNGRC-GG-p(KLAKLAK), induces apoptosis and mitochondrial
swelling in DMECs. @, Proliferating DMECs treated with CNGRC-GG-
o(KLAKLAK), (filled bars) lose viability (apoptosis) over time (P< 0.02), but
those treated with the control peptide o(KLAKLAK), (gray bars) do not (P<
0.05). b, Cord-forming DMECs lose viability (apoptosis) over time (filled
bars), but those treated with ;(KLAKLAK), (gray bars) do not (P < 0.05). ¢,
Apoptotic cell death was confirmed with an assay for caspase 3 activity, as
shown by the hydrolysis of DEVD-pNA with time. Results were reproduced
in three independent experiments. d, Proliferating DMECs show normal nu-
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clear (blue) and mitochondrial (red) morphology after 24 h of treatment
with a mixture of 100 pM (KLAKLAK), and CNGRC. e-g, Proliferating
DMECs treated with 100 uM CNGRC-GG-5(KLAKLAK),. After 24 h (e), cells
show normal nuclear (blue) but abnormal mitochondrial (red) morphology.
Mitochondrial swelling and dysfunction is shown by a decrease in fluores-
cence intensity and a change in morphology from an extended lace-like net-
work to a condensed clumping of spherical structures. Classic
morphological indicators of mid- to late apoptosis (for example, condensed
and fragmented nuclei) are evident at 48 h (f) and 72 h (g) (arrow).

caspase 3 activity'. We also tested a caspase inhibitor for its ef-
fect on cell death induced by CNGRC-GG-p(KLAKLAK),. We
used Kaposi sarcoma cells, as these cells bind CNGRC. The in-
hibitor zVAD.fmk, at a concentration (25 uM) that inhibits cas-
pases but not non-caspase proteases, inhibited the cell death
induced by CNGRC-GG-,(KLAKLAK), (data not shown). This
result is compatible with the earlier demonstration that the
I - s B g

8
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CNGRC-GG-,(KLAKLAK), peptide is pro-apoptotic. Although
the relatively early mitochondrial swelling is consistent with
the putative mechanism of action, that is, a direct activation of
the apoptotic machinery, we cannot rule out the possibility
that the peptides actually kill by inducing some irreversible
damage to cells which then activates the apoptotic program.
In addition to the fluorescence studies shown above, we stud-
ied cultured cells by electron microscopy to confirm that
CNGRC-GG-p(KLAKLAK), induces abnormal mitochondrial
morphology in intact cells (Fig. 5). Kaposi sarcoma-derived
KS1767 cells treated with the control peptide CARAC-GG-
o(KLAKLAK), for 72 hours showed no overall changes, with no
or very minor changes in the mitochondria (Figs. Sa—). In con-
trast, the mitochondria in KS1767 cells incubated for 12 hours

Fig. 5 Electron microscopic studies of cultured cells. a—c, KS1767 cells
treated with 100 uM CARAC-GG-,(KLAKLAK), for 72 h show the repre-
sentative ultrastructural details of normal cells, with no or negligible
changes seen in the mitochondria. Original magnifications: a, x4,000;
b, x25,000; ¢, x45,000. d-f, In contrast, the mitochondria in KS1767
cells incubated for 12 h with 100 uM CNGRC-GG-p(KLAKLAK), begin to
show a condensed appearance and vacuolization despite a relatively
normal cell morphology (black arrows). Original magnifications: d,
x12,000; e, x20,000; f, x45,000). g and h, Progressive damage to
KS$1767 cells is evident after 24 h, when many mitochondria show typi-
cal large matrix compartments and prominent cristae, ultrastructural
features of low level of oxidative phosphorylation. Original magpnifica-
tions: g, x12,000; h, x40,000. Some of the swollen mitochondria
(g, black arrows) are similar in appearance to those in isolated mito-
chondria treated with 100 uM o(KLAKLAK), (Fig. 2¢, bottom right). /, In
some cells, this process progressed to a final stage, with extensive vac-
uolization and the pyknotic, condensed nuclei typical of apoptosis.
Original magnification, x8,000.
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Fig. 6 Treatment of nude mice bearing MDA-MB-435-derived human breast carci-
noma xenografts with CNGRC-GG-o(KLAKLAK),. @, Tumors treated with CNGRC-GG-
o(KLAKLAK), are smaller than control tumors treated with CARAC-GG-p(KLAKLAK),, as
shown by differences in tumor volumes between day 1 (O) and day 50 (®). P =
0.027, t-test. One mouse in the control group died before the end of the experiment.
b, Mice treated with CNGRC-GG- ,(KLAKLAK), (W) survived longer than control mice
treated with an equimolar mixture of 5(KLAKLAK), and CNGRC (OJ), as shown by a

Kaplan-Meier survival plot (n = 13 animals/group). P < 0.05, log-rank test.

4C)-GG-p(KLAKLAK),

Given our results in culture, we proceeded to test
both targeted pro-apoptotic peptides in vivo, using
nude mice with human MDA-MD-435 breast carci-
noma xenografts. Tumor volume in the groups treated
with CNGRC-GG-,(KLAKLAK), was on average 10%
that of control groups (Fig. 6a); survival was also longer
in these groups than in control groups (Fig. 6b). The
control was a non-targeted ‘mimic’ CARAC-GG-
»(KLAKLAK), peptide; the CARAC sequence has a
120 charge, size and general structure similar to that of
CNGRC. Some of the mice treated with CNGRC-GG-
»(KLAKLAK), outlived control mice by several months,
indicating that both primary tumor growth and metas-
tasis were inhibited by CNGRC-GG-p(KLAKLAK),.
Treatment in nude mice bearing MDA-MD-435 breast
carcinoma xenografts with (RGD-4C)-GG-p(KLAKLAK),
also resulted in a significantly reduced tumor and
metastatic burden (Fig. 7). Experimental parameters in-
cluded tumor volumes before and after treatment (Fig.
7a), wet weights of the tumors (Fig. 7b, right) and

with CNGRC-GG-p(KLAKLAK), showed abnormal condensation
and vacuolization despite a relatively preserved cell morphol-
ogy (Fig. 5d-f, black arrows). Progressive cellular damage could
be seen after 24 hours, when many mitochondria showed ultra-
structural features of low-level oxidative phosphorylation (Fig.
5g and h); in later stages, some of the damaged mitochondria
(Fig. 5g, black arrows) showed profound changes, as seen in the
isolated mitochondria treated with H(KLAKLAK), (Fig. 2c, right
lower panel). In some cells, this process progressed to a late
apoptotic stage. Typical vacuolization and condensed nuclei be-
came evident (Fig. 5i). These results show that the mitochondria
underwent changes in morphology and function that were
well-represented by a progression from a state of normal mor-
phology and normal oxidative phosphorylation (Fig. 54) to a
state of condensed morphology and a high rate of oxidative
phosphorylation (Fig. 5d) to a final edemic state (Fig. 5g) associ-
ated with a low energy level.
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Fig. 7 Treatment of nude mice bearing MDA-MB-435-derived human breast
carcinoma xenografts with (RGD-4C)-GG-o(KLAKLAK),. @, Tumors treated with
(RGD-4C)-GG-p(KLAKLAK), are smaller than control tumors treated with an
equimolar mixture of RGD-4C peptide and 5(KLAKLAK),. Tumor volumes were

1036

weight of lung metastases (Fig. 7b, left). The control
group was treated with an equimolar mixture of RGD-4C and
p(KLAKLAK),. Histopathological and TUNEL analysis showed
cell death in the treated tumors and evidence of apoptosis and
necrosis (data not shown).

To assess toxicity in mice without tumors, we have adminis-
tered CNGRC-GG-,(KLAKLAK), or (RGD-4C)-GG-p(KLAKLAK),
to both immunocompetent (balb/c) and to immunodeficient
(balb/c nude) mice at a dose of 250 pg/mouse per week for eight
doses. No apparent toxicities have been found in 3 months.
Moreover, in these conditions, the peptides are not immuno-
genic, as determined by ELISA of blood obtained from the im-
munocompetent mice (data not shown).

We have also evaluated the stability of the CNGRC-GG-
p(KLAKLAK), and (RGD-4C)-GG-,(KLAKLAK), peptides ex vivo
and in mice. We analyzed the two targeted peptides using mass
spectrometry. In the first set of experiments, the targeted pep-
tides were pre-mixed with whole blood and incubated at 37 °C.
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assessed on day 1 (O) and day 90 (@). P = 0.027, t-test. b, Tumor weights
(right) and lung metastatic burden (left) are also decreased in mice treated with
(RGD-4C)-GG-(KLAKLAK),; these were measured when the experiment ended,
on day 110 (n =9 animals/group). P< 0.05, t-test.
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The peptides were intact up to 1 hour in these conditions. In
the second set of experiments, mice were injected intra-
venously with the two targeted peptides and blood samples
were analyzed; the peptides were present at 10 minutes after
administration (data not shown). We chose these short circula-
tion times to coincide with the experimental conditions estab-
lished for ‘homing’ of targeted peptides in vivo®”*.

Targeted pro-apoptotic peptides represent a potential new
class of anti-cancer agents; their activity may be optimized for
maximum therapeutic effect by adjusting properties such as
residue placement, domain length, peptide hydrophobicity and
hydrophobic moment®. Beyond this, future targeted pro-apop-
totic peptides might be designed to disrupt membranes using a
completely different type of pro-apoptotic domain such as
B-strand/sheet-forming peptides®. Our results provide a glimpse
at a new cancer therapy combining two levels of specificity:
‘homing’ to targeted cells and selective apoptosis of such cells
after entry.

Methods
Reagents. Human recombinant vascular endothelial growth factor (VEGF;
PharMingen, San Diego, California), antibody against caspase-3 (Santa
Cruz Biotechnology, Santa Cruz, California), streptavidin FITC (Sigma) and
N-acetyl-Asp-Glu-Val-Asp-pNA (DEVD-pNA; BioMol, Plymouth Meeting,
Pennsylvania) were obtained commercially. Peptides were synthesized to
our specifications at greater than 90% purity by HPLC (DLSLARLATARLAI,
Coast (San Diego, California); all other peptides, AnaSpec (San Jose,
California).

The computer-generated model was made with Insight Il (Molecular
Simulations, San Diego, California) running on an O, work station (Silicon
Graphics, Mountain View, California)

Cell culture. Dermal microvessel endothelial cells (DMECs) were grown
in CADMEC Growth Media™ (media and cells from Cell Applications, San
Diego, California). DMECs were then cultured in three experimental con-
ditions: proliferation (30% confluency in a growth media supplemented
with 500 ng/ml VEGF); no proliferation (100% confluency in media for-
mulated to maintain a monolayer); and cord formation (60% confluency
(required for induction) in media formulated to induce cord formation).
KS1767 and MDA-MB-435 cells were cultured as described*®%%,

Internalization assay. KS1767 cells grown on coverslips were treated with
100 uM biotin-labeled CNGRC or biotin-labeled CARAC (negative control)
for 24 h. Streptavidin FITC was added to the coverslips, and cells were
then viewed on an inverted microscope (Nikon TE 300) using a FITC filter.

Mitochondrial swelling assays. Rat liver mitochondria were prepared as
described™. The concentrations used were 10 uM (KLAKLAK),, 10 pM DL-
SLARLATARLAI (negative control), or 200 uM Ca* (positive control). The
peptides were added to mitochondria in a cuvette, and swelling was quan-
tified by measuring the optical absorbance at 540 nm.

Cell-free apoptosis assays. Cell-free systems were reconstituted as de-
scribed'. For the mitochondria-dependent reactions, rat liver mitochondria
were suspended in normal (non-apoptotic) cytosolic extracts of DMECs.
The peptides were added at a concentration of 100 pM. After incubation
for 2 h at 30 °C or 37 °C, mitochondria were removed by centrifugation,
and the supernatant was analyzed by SDS-PAGE and immunoblotting
(12% gels, BioRad, Richmond, California). Proteins were transferred to
PVDF membranes (BioRad, Richmond, California) and incubated with anti-
body against caspase-3, followed by ECL detection (Amersham).

Caspase activity of cell lysates. The caspase activity of DMEC lysates was
measured as described. Aliquots of cell lysates (1 pl lysate; 8-15 mg/ml)
were added to 100 uM DEVD-pNA (100 pl; 100 mM HEPES, 10% sucrose,
0.1% CHAPS and 1 mM DTT, pH 7.0). Hydrolysis of DEVD-pNA was moni-
tored by spectrophotometry (400 nm) at 25 °C.
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Morphological quantification of cellular apoptosis. Percent viability and
LCs, (Table 1) were determined by apoptotic morphology™. For the per-
cent viability assay, DMECs were incubated with 60 uM active peptide or
control peptide. Cell culture medium was aspirated at various times from
adherent cells, and the cells were gently washed once with PBS at 37 °C.
Then, a 20-fold dilution of the dye mixture (100 pg/ml acridine orange
and 100 pg/ml ethidium bromide) in PBS was gently pipetted on the cells,
which were viewed on an inverted microscope (Nikon TE 300). The cell
death seen was apoptotic cell death and was confirmed by a caspase acti-
vation assay. Not all cells progressed through the stages of apoptosis at the
same time. At the initial stages, a fraction of the cells were undergoing
early apoptosis. At later stages, this initial fraction had progressed to late
apoptosis and even to the necrotic-like stage associated with very late
apoptosis (for example, loss of membrane integrity in apoptotic bodies).
However, these cells were joined by a new fraction undergoing early apop-
tosis. Thus, cells with nuclei showing margination and condensation of the
chromatin and/or nuclear fragmentation (early/mid-apoptosis; acridine or-
ange-positive) or with compromised plasma membranes (late apoptosis;
ethidium bromide-positive) were considered not viable. At least 500 cells
per time point were assessed in each experiment. Percent viability was cal-
culated relative to untreated controls. LCs, for monolayer, proliferation
(60% confluency), and cord formation were assessed at 72 h.

Mitochondrial morphology. DMECs after 24 and 72 h of treatment with
peptide were incubated for 30 min at 37 °C with a mitochondrial stain
(100 nM MitoTracker Red™ CM-H,XRos; the nonfluorescent, reduced
form of the compound) and a nuclear stain (500 nm DAPI; Molecular
Probes, Eugene, Oregon). Mitochondria were then visualized under fluo-
rescence microscopy (100x objective) under an inverted microscope using
a triple wavelength filter set (Nikon).

Electron microscopy. Rat liver mitochondria were prepared as described™.
The mitochondria were incubated either with a control peptide (DLSLAR-
LATARLAI) or with 3 uM ,(KLAKLAK),. The effects of the treatment were as-
sessed at different times (Fig. 2¢). Kaposi sarcoma cells were collected from
24-well Biocoat Cell culture inserts for electron microscopy (Becton
Dickinson, Franklin Lakes, New Jersey). Cell monolayers at 80% confluency
were exposed to either 100 pM CARAC-GG-p(KLAKLAK), (control) or
CNGRC-GG-p(KLAKLAK), (targeted) (Fig. 5). All specimens were fixed with
3% glutaraldehyde in 0.1 M potassium phosphate buffer, pH 7.4 for 30 to
45 min at the room temperature, followed by postfixation with aqueous
1% osmium tetroxide and 2% uranyl acetate. After dehydration using a
graded series of ethanol rinses, tissues were embedded in resin. Ultrathin
sections after additional counterstainings were viewed and photographed
on an electron microscope (Hitachi H-600).

Human tumor xenografts. MDA-MB-435-derived tumor xenografts were
established in female nude mice 2 months old (Jackson Labs, Bar Harbor,
Maine) as described®. The mice were anesthetized with Avertin as de-
scribed®'. The peptides were administered at a dose of 250 pg/week per
mouse, given slowly through the tail vein in a volume of 200 pl. Three-di-
mensional measurements of tumors were made by caliper on anesthetized
mice, and were used to calculate tumor volume®®. Then, tumors and lungs
were surgically removed and the wet weights recorded. Animal experi-
mentation was reviewed and approved by the Institute’s Animal Research
Committee.
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